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ABSTRACT

Stability and deformation problems involvirg the undrained
shear of deposits of saturated clay require determination of one or
more of the following parameters: the in situ undrained shear
strengths (su); the effective stress parameters defining the Mohr-
Coulomb failure envelope (¢, ¢); Skempton's pore pressure para-
meter (A ), and a stress-strain relationship (modulus E or a
stress-strain curve). An accurate prediction of these parameters
from the results of field and/or laboratory shear tests requires:

1. Testing of samples which have the same properties
as the in situ clay;

2. Performance of shear tests which have the same
stress system, rate of strain and environment as
will be imposed in the field, i.e., measurement of

the correct soil parameters.

This study investigates one phase of the overall problem of
determining in situ properties, namely, the effects of stress system
variables on the undrained shear behavior of saturated clays. Stress
system variables refer to the direction and relative magnitude of the
three principal stresses during consolidation and during shear. The
report reviews and analyzes previous work in the area and presents
the results of an extensive series of consolidated-undrained triaxial
tests with pore pressure measurements on normally consolidated
Boston blue clay prepared from a dilute slurry,

The effects on undrained shear behavior of the following
topics are considered in detail: anisotropic consolidation, per-
fect sampling, the infermediate principal stress, and rotation of
principal planes during shear. These variables are shown to have

a significant influence on most of the strength parameters and such




effects should be taken into account in important stability and defor-

mation problems.

The ¢ = 0 (totai stress) method of stability analysis
commonly assumes an unique in situ undrained shear strength, Data
in the report show that this will not generally be true because the
in situ mode of failure (i.e., stress system) can have a pronounced
effect on undrained shear strength. For normally consolidated clay
deposits, the in situ strength for a strutted excavation or an embank-
ment can be far less than that for a vertical cut or that obtained
from an uncoafined compressicn test on a ''perfect sampie,"

The reported success of the ¢ = 0 analysis is questioned

1

M Cause:

1.  The methods commoniy used to determine S such
as the field vane, the unconfined compression test,
and the consolidated-undrained triaxial test, seldom

yield consistent results;

2. The above methods rely upon compensating errors

for their success in many instances.

Section 5.3 of the report presents a detailed illustration
of the problems associated with a ¢ = 0 analysis for several types
of field cases, It is emphasized that the analyses involving im-
portant structures should not rely solely on the results of unconfined

and/or field vane tests.

Additional research on means for coping with sample dis-
turbance and on the influence of the in siiu stress system is required
before the engineer can select with confidence strength parameters
for undrained shear. In particular, laboratory shear testing pro-
grafns should consider the value of K at consolidation, the inter-
mediate principal stress at failure, and the direction of the major
principal stress at failure relative to its direction after consoli-

dation (i.e., rotation of principal planes).



FOREWARD

The work described in this report was performed under
Contract No. DA-22-072-eng-330 entitled '"Research Studies in
the Field of Earth Physics'" between the U.S, Army Engineex
Waterways Experiment Station and the Massachusetts Institute of
Technology. The research is cosponsored by the U.S. Army
Materiel Command under DA Projects 1-V-0-14501-B-52A-30,
"Earth Physics (Terrain Analysis)," and 1-V-0-21701-A-046-05,
""Mobility Engineering Support,” and by the Directorate of Remote
Area Conflict, Advanced Research Projects Agency, under the
""Mobility Environmental Research Study,”"” ARPA Order No. 400.

The general objective of the Research in Earth Physics
is the development of a fundamental understanding of the behavior
of particulate systems, especially cohesive soils, under varying
conditions of stress and environment. Work on the project, initi-
ated in May 1962, has been carried out in the Soil Mechanics
Division (headed by Dr. T. William Lambe, Professor of Civil
Engineering) of the Department of Civil Engineering under the
supervision of Dr. Charles C. Ladd, Associate Professor of Civil

Engineering.

This report presents only one portion of the overall
research being conducted under the contract. Phases currently
under investigation are:

1. In Situ Strength and Compression Properties of Natural
Clays.

a. Effects of sample disturbance (i,e., excessive
shear strains) on the undrained strength,
stress-strain modulus, and one-dimensional
compreassion behavior of natural clays,

-4-

SESLUSES

Al




b. Effeets of stress-system variables {anisotropic
consolidation, intermediate principal stiress,
rotation of principal planes) on stress-strain

behavior of ¢lays during undrained shear.

2.  Influence of Environment on Strength and Compression Pro-

perties of Soils,

a. Effect of high vacuum and temperature on the

propertics of granular systems,

b. Effects of natural cementation and type of pore
fluid on the strength and compression properties

of saturated clays.

¢. The strength of clays at very low effective
stresses and especially the nature and magnitude

of ""true cohesion."
3., The Structure of Clay.

a. Nature and magnitude of interparticle forces in clay-

water systems.
b. Fabric of kaolinite

Many of the above topics complement and/or draw irformation from
other research projects in the Soil Mechanics Division. These
include support from the Office of Naval Research and The National
Science Foundation (Grant G-19440)},

This report was written by Professor Ladd with the assistance
of Mr. Julius Varallyay, former Research Ass.stant in the Soil
Mechanics Division, Mr. Varallyay performed the experimental work
presented in Chapters 3 and 4. Mr., Paulo da Cruz, former Research
‘Assistant, and Mr. William A, Bailey, Research Assistant, ran the
triaxiai tests on the Vicksburg Buckshot and Kawasaki clays reported

in Chapter 2.

This report is Part Il of Phase Report No. 1, Partl,

entitled "Stress-Strain Behavior of Saturated Clay and Basic Strength

-5~



Principles" by C. C. l.add, was submitted in April 1964, It pre-
sented a simplified picture of the strength behavior of clays for use
as a framework with which to study the properties of actual clays
in terms of deviations from this idealized picture., In essence,
Part I presented the background material requ ed for the presen-
tation, analysis, and comprchension of the experimental data and

conclusions presented herein.
Pertinent reports issuecd under this research contract are:

1. "Research in Earth Physics, Progress Report for the
period June 1962 - December 1962," Department of
Civil Engineering Publication R63-9, M.I.T., Feb,
1963.

2. Ladd, C. C., "Stress-Strain Behavior of Saturated

Clay and Basic Strength Principles,” Phase Report
No. 1, Part 1, Department of Civil Engineering Publi-

cation R64-17, M.I.T., April 1964,

3. Bromwell, L. G., "Adsorption and Friction Behavior
t

of Minerals in Vacuum," Phase Report No. 2, Depart-
ment of Civil Engineering Publication R64-42, M.I.T.,

March 1965, (In press).

4, Bailey, W. A., ""The Effects of Salt on the Consoli-
dation Behavior of Saturated Remolded Ciays," Phase
Report No, 3, Department of Civil Engineering Publi-
cation R65-19, M.I.T., May 1965. (Submitted for
review in May 1965).
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CHAPTER 1

INTRODUCTION”

1.1 TYPES OF PARAMETERS AND TEST METHODS FOR
STABILITY AND DEFORMATION ANALYSES FOR
UNDRAINED SHEAR
Among the most difficult problems facing the civil engineer

are those involving the stability and deformation of deposits of satu-

rated clay. Examples include the bearing capacity and settlement
of footings, trafficability, the stability of cut slopes, stress dis-
tribution in layered deposits and the factor of safety of excavations
against bettom upheaval. Realistic predictions of field behavior
are often difficult on two counts: lack of an appropriate method of
analysis; and the problem of selecting the appropriate soil para-
meters to plug into the theoretical analyses. For example, the
theory of elasticity is used for the solution of many stress distri-
bution and soil deformation problems even though the soil engineer
knows that soil is not an isotropic, linear-elastic material. More-
over, the difficulties in selecting an ""elastic modulus" for these

computations are formidable (Ladd, 1964),

An oil tank constructed on a deposit of soft saturated clay
(Fig. 1.1) is used to illustrate the types of soil parameters and
test methods which might be employed in analyses for stabiiity and
deformation. If the tank is filled rapidly, so that no water drains
from the clay deposit, analyses and parameters of inlerest to the

civil engineer include:

Appendix A lists notations used throughout the report.

-17-
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The factor of safety (F.S,) against rupture using
a'¢ = 0" analysis (Skempton, 1948), which re-
quires a determination of the undrained shear
strrength, 8,y which existed in situ prior to filling
of the tank;

An cstimate of the immediate settiement (due to

strains during undrained shear), requiring a
knowledge of a stress-strain modulus, E,”

If the above analyses indicate instability and/or excessive

settlements, the tank might be filled in stages in order to allow for

the partial consolidation and an increase in the undrained shear

strength,

3.

In this case, the engineer might want to know:

The relationship between consolidation pressure
and undrained shear strength in order to perform
a total stress stability analysis;

The effective stress parameters c and ¢ de-
fining the Mohr~Coulomb failure envelope and
Skemptuii's (1954) pore pressure parameter A

in order to perform an effective stress stability
analysis utilizing values of pore water pressure
measured in the field. (Bishop and Bjerrum,
1860, present an excellent discussion on the use
of effective stress stability analyses and its re-
lationship = .otal stress analyses; Lambe, 1962a,
has discussed some of the problems of predicting
and interpreting pore pressures in the field.)

In summary, those soi! parameters of interest are:

" One might also employ Lambe's (1964) stress path method
which uses strains measured in CU triaxial tests subjected
to the in situ stress increments (computed from the theory
of elasticity).

-18-



s = undrained shear strength, both prior to

and during filling,

o
o
o
o
&
"

cohesion intercept and friction angle de-
fining the failure envelope for undrained

shear,

A = pore pressure parameter for undrained

shear,
E = stress-strain modulus for undrained shear,

The test methods used to obtain these parameters are varied;
a partial listing of some of the more common methods is given in
Table 1.1. Unfortunately, the different methods that are employed
to find a given parameter often yield conflicting results. Examples

of this are illustrated below.‘?

The three most common methods of estimating the insitu S,
are field vane tests, unconfined compression (or triaxial UU) tests
on "undisturbed" samples, and consolidated-undrained (CU) triaxial
tests on "'undisturbed" samples where the specimens are consoli-
dated with the in situ stresses. An analysis of numerous cases

from all over the world showed the following:

1. For 20 cases outside Norway " on all types of
clays, comparing field vane to unconfined com-

pression and triaxial UU on typical tube samples:

s, (U and UU)

s {feldvane) - 0.7(0.4t01.0)

it
u

Bishop and Bjerrum (1960) emphasize those cases where
test methods are consistent and apparently yield good
estimates of field behavior.

Vold (1956) reporte that unconfined compression tests yield
slightly higher strengths, on the average, than the field
vane for normally consolidated and slightly overconsolidated
clay deposits in Norway.

-19-
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2,  For ll cases from throughout the world (Table &
of Ladd and Lambe, 1863}, comparing unconfined
compression and triaxial UU to consolidated-
undrained triaxial tests on specimens isotropically
consoelidated to the overburden pressure (CIU tests
with 5(,‘ = Evo)’ both run on tube samples:

s (U and UU)
u = 0,66 (0.4 to 1.0)

SU(CIU, a3, = O’VO)

A most striking example of possible discrepancies is found in strength

data obtained on the Leda clay fron. Ottawa, Canada. For clay at a

depth of 55 to 60 feet, Coates and McRostie (1963) report:

Type of Test and Sample S, (tons,/ft2)
1. Field vane 0.85
2. Unconfined compression and triaxial UU
a. 2 in. dia. open drive 0.6
h. 3.4 in, dia. fixed piston 1.1
c. block sample 1.6

3. CIU triaxial consolidated to overburden pressure

a. 2 in, dia. fixed piston 0.9
b. N.G.I. piston samplcr 1.35
¢. bloeck sample 1.65

The clay 1s overconsolidated, moderately plastic, and very sensi-
tive with a high liquidity index. The strengths varied from 0.6 to
1. 65 depending upon the type of test and the typc of sample. How-
ever, engineering practice often assumes that any one of these
methods would yield the in situ s.rength. Some of the reasons for
the wide range in measured strergths are discussed in the next

section.

The other strength parameters are also subject to wide

variations depending upon the methods used to obtain them. As

-920-



examples, Bjerrum and Simons {1960) discuss the factors influ-
encing ¢, Af and Su'}EVO for pormally consolidated clays; Lambe
(1962a) illustrates the problems in measuring the pore pressure
parameter A; and Ladd (1964) shows the large effects that type of
test have on measured values of the stress-strain modulus E.

1.2 FACTORS INFLUENCING STRENGTH PARAMETERS
FOR UNDRAINED SHEAR
The general requirements for accurately measuring the
strength parameters of a natural clay during shear are:

1. Performing tests on specimens having the same
"soil structure" (Lambe, 1958), and hence engi-

neering properties, as the in situ clay;

[\]

Performing tests on specimens in a manner to
ensure that the stress system, time, and environ-
ment (temperature, pore fluid characteristics,

etc,) are the same as will be imposed in the field.

Some of these requirements are spelled out in moe detail in Table
1.2, which lists the factors influencing strength parameters mea-

sured with undrained triaxial tests on samples of clay.

Examples of how the common types of shear tests fail to
meet the basic requirements of simulating in situ strength behavior
are:

1. The field vane may test a specimen having the insitu
water content, preshear stress system, and en-
vironment (and hence soil structure) but tiie stress
system commensurate with a vertical, cylindrical
failure plane and the rapid strain rate hardly dupli-
cate the mode of failure and rate of shear usually

found in the ficld;

2. The unconfined compression test wouid usually

have the in situ water content and an anisotropically



consolidated *ris ial compression test mizht
duplicate the in situ preshear stress system,
but these tests have little else in comm on with

a clay element sheared in the field.

3. An elaborate plane strain shear device might
duplicate an actual stress system in the field,
but any disturbance in getﬁing a sampie from the
ground into the laboraiory equipment would pre-
clude testing a sample having the same properties

as the clay in the field,

1t 1s obviously impossible to exactly reproduce field behavior
in a laboratory test., On the other hand, it is not necessary to dupli-
cate {ield behavior in every respect in order tc arrive at parameters
to use in most engineering analyses. There is a question, however,
as tu which of the many field conditions must be duplicated, at least
approximately. in order to cbtain reasonably accurate parameters.
Current knowledge is wholly deficient regarding the most important
variables, the errors to be expected, 2~d the steps which can be

taken in order to arrive at reasonable answers.

Table 1.2 lists the major factors (sample d°- uarbance, stiress
system, time and environment) effecting sirengtli behavior. Sample
disturbance has lately received increased attention (L.add and Lambe
(1963), Ladd (1964), and Seed, Noorany and Smith, 1964) regarding
its affects on values of 5, and E and possible means of correcting
for it, but much is yet unknown. The influence of time has been
studied extensively; for example, Casagrande anud Wilson (1951),
Bjerrum, et al (1958), Crawford (1959), and Richardson and Whitman
(1963) on strain rate effects; Moretto (1948) and Mitchell {1960) on
thixotropy; and Ladd (1961), Wissa (1961), and Bjerrum and Lo (1963)
on effects of aging, The impo.-tance of environmental effects have
been illustrated by: Ladd (1961), Mitchell and Campanella (19€3, and

titchell (1964) on the effects of temperature changes; Samuels (1950)
Bjerrum and Rosenqvist (1356), Leonards and Andersland (1960),
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Ladd (1961), Bailey (1961), Wissa (1961), and Olson (1963) on the

effects of salt concentration and/or cation valency,

The influence of stress system, at least with saturated clays,
has probably received the least amount of attention, The next two
sections illustrate the different types of stress systems and pre-
sent the scope of the experimental program on the effects of stress
systems on the undrained strengih behavior of normally consoli-
dated Boston blue clay.

1.3 STRESS SYSTEM VARIABILES (see Part | of this report

for additiona. background information)

Stress system includes both the stress system existing
prior to shear and the stress system applied during shear. In turn,
stress system means the direction and relative magnitude of the

three principal stresses,

The stress system prior to shear is that resulting from the
consolidation stresses. The two most common types of stress con-
ditions obtained in the laboratory are isotropic consolidation {equal
principal stresses) and one-dimensional consolidation, such as in
the standard oedome:er test., In the latier test, the ratio of the
horizoental to the vertical consolidation pressure* is called the
coefficient of carth pressure at rest, i.e., Ko = Ehc-’;;; . For most

? C
normally consolidated clays, Ko equals 0.6 £ 0,2 andvis approxi-
mately related empirically to the friction angle by Ko =1l-sin ¢.
The value of KO increases with rebound and becomes greater than
unity at overconsolidation ratios exceeding about 3.5 £ 1. The
variation inl I,<o with overconsolidation ratio for three clays is shown

in Fig. 1.2.

The three basic types of stress systems that can be applied

One should correctly use consolidation stress rather than
consolidation pressure,

" Brooker and Ireland (1965) present an excellent article on
the influence of suil type and stress history on the value
of K .
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during shear, which depend upon the relative magnitude of the applied
intermediate principal stress Aaz, are presented in Fig, 1.3. These
are: 1) triaxial compression where Ag, = Aa,;; 2) triaxial extension

2

where Ag, = é".\cl; and 3) plane strain where A62 is intermediate

between Ag, and Ag, and where all strains in the soil are parallel

1 3
to the plane of AGI and Ac3.
Stress systems typically encountered in the field are illus-
trated in Fig. 1.4 for a normaily consolidated clay with I{o stresses

5 03 acts in

s0 that 0 initially acts in the vertical direction and o
the horizontal direction. Let us look at what happens during

undrained shear,
Case {(a). Under center line of a circular footing:

The vertical stress increases more than the horizontal
siresses increase and the directions of the principal stresses remain

unchanged. The applied stress system is that of triaxial com-
).

pression (02 =0,
Case (b). Under center line of a circular excavation:

The vertical stress decreases more than the herizontal
stresses decrease so that the horizontal stresses could eventually
exceed the vertical stress. If such occurred, the soil would be in

a state of triaxial extension (o, = crl). Moreover, there would be a

2
rotation of principal planes since the major principal stress now acts

in the horizontal direction.
Case (c). Under center line of a strip footing:

This case is similar to that of Case (a), except that the
increase in the longitudinal stress (Acx) is larger than the increase

in the tranver se stress 'fAcy). The soil is in a state of plane strain

with the major principal stress still acting in the vertical direction,
As failure is approached, the intermediate principal stress{iongi-
tudinal stress) wouid be approximatzly equal to the average of the
other two principal stresses (Henkel, 1960b).
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Case (d)\. Behind a retaining wall with a passive pressure:

This is another case of plane strain, but with a rotation of

the principal planes since the major principa! siress becomes equal

to the tranversce stress,

If the clay in Fig., 1.4 had been heavily overconsolidated with
[\'D greater than unity, Cases (a) and (¢) would have exhibited a rota-
tion of principal planes since 0] WOue .uve acted in the horizontal
direction prior to shear and in the ver..cal direction at failure.
Conversely, ) would always act in a horizontal direction in Cases
(b) and (d).

The purpose of this report is to show how the stress system,
both at consolidaticen and that applied during shear, influences the
undrained strength behavior of saturated clay. Data will show, for
example, that the undrained sirength of a normally consolidated clay
element under the center line of a circular footing (Case (a), Fig.

1. 4) may be two to three times larger than the values of s, for a
clay element with identical consolidation stresses but sheared under

the center line of a circular excavation (Case (b), Fig. 1.4).

The above behavior is illustrated by the hypothetical stress
paths presented in Fig. 1.5. Clay has been normally consolidated
with KO = 0.5 to point A' (Evc = 1. 50, Ehc = 0.75). There is a static
pore pressure of 0,50, so that the total stresses are represented
by point A(e =2.00, o, =1.25). The clay element sheared un-
drained to failure under the footing has a total stress path AB; the
effective stresses Ev and Eh are show'n l')) the path A'B'. At
failure, (o - qh)f = BE = (Ev;ah)f =BE = (0 -~05) =1.05,

The clay element sheared undrained to failure under the
excavation has a total stress path AC and an effective stress path
A'C'. When these paths cross the K = 1 line, the horizontal stress

is larger than the vertical stress and the directions of the major

H

and minor principal planes have rotated by 90°, At failure (oh = crv)f

CF = (Eh -Ev)f = CF = (0-1 -as)f = 0,40, The ratio of undrained
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strengths is therefore equal to 1,05/0,40 = 2, 62.

1,4 SCOPE OF EXPERIMENTAL INVESTIGVATION

A series of consolidated-undrained triaxial tests with pore

pressure measurements (CU tests) are run on normally consohdated

samples of saturated Boston blue clay. The principal variables are,

1., Value of K

a, K=1(g =g )

ac  “rc
b. K=K (6. >0 )
o ‘"ac ~ “re
T l’ = - < -

c. K=1/K (o, <o )

rc

2. Value of 02 at failure

a. @,=0,= 0 (failure in compression)

b. Oy =0, %0 (failure in extension:

3. Effect of perfect sampling (release of K_stresses
followed by failure in compression)

Secondary variables are:
1. Value of major principal consolidation pressure alc

2. Stress controlled versus strain controlled undrained
shear.

Figure 1.6 shows the different consolidation stresses and

total siress paths used in the investigation, for a given value of

0).- The initial portion of th.e paths has been drawn at an angle of

45° (i, e., Ac_ = -Ag, during undrained shear) in order to illustrate

the general direction, and does not represent the actual path.
types of tests are:

ot
3

o, and . refer to axial and radial stresses.

" Section II B 2 of Part I of this rep- ~ has already explained
that for a given value of (&g, - Ao,), the actual magnitude of
the change in the smaller oflthe two stresses applied durmg
shear has no influence on effective stress behavior as iong
as Skempton's B parameter is equal to unity,
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. ClucC: compression test on isotropically con-
solidated sample,
2, CIuU. extension test on isowropically consoli-

dated sample,

3. CT{:LEC: compression test on KU consolidated
sample.
4, CKQU RE: extension test on KO consclidated sample

(O‘r increased and/or o_ is decreased

until failure is reached).

[#3}

c /K JUE: extension test on 1/K | consolidated (i.e.,

o is preater than g ) s: le.
.. is grea an g, ) sump

6. C(I;’I(O)U RC: compression test on 1,/KO consolidated
sample (oa is increased and/or g, is

decreased until failure is reached).

7. C(K )-UU: compression test on "perfect’” sample
after KO consolidation. Perfect sampling
denotes an undrained release of KQ
stresses to attain an isotropic state of
stress (Ladd and Lambe, 1963).

Some of the above tesis duplicate possible field conditions {CKOU C

and u\ot RE tests represeuts Cases a and b in Fig, 1.4) or

triaxial UU compression tests on perfect samples (CK0 -UU tests).

The CIU C test is the most common type of triaxial test run in the
laboratory. The other tests were selected in order to investigate

the effects of o, on strength behavior, and represent the extreme

2
case of extension stresses during consolidation and/or shear. It

would have been preferable to run plane strain tests, where o, is

s

between 9 and . but equipment for such tests was not availabie,

ote

" Tests employing plane strain and simple shear are planned
for the future
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It 1s thought, however, that the results of plane strain tests might

lie between those from the compression and extension tests,
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TABLE 1.1

DETERMINATION OF STRENGTH PARAMETERS
FOR UNDRAINED SHEAR OF SATURATED CLAY

Pafameter - Type of Analysis Methods of Determinaticn
Empirical 1. P.I.ﬁ vs. Su/cvo = c/p
. . 2. Field vane
In situ Total stress Field 3. Cone penetration
i o 4. Split-spoon penetration
undrained analysis for - ——
5. Uncontined compression
shear undrained shear Lab e Trr:xgxxal b ,
vu g g{hmatur‘e tvaz:g
, & = : . Cone penetraticn
strength, (¢ = 0 analysis) DR ngisies -
. G. ~“riax:al CU
u LC?,? 11. Direct shear CU
i 12. Simpie shear CU
Effective Effective stress Lab é g?iaxialht'ﬂ' rolil
stress analysis for CU 3 S.lre(it shear ==
envelope for undrained and/or JeCliey toal i1 cU
undrained _ partially drained Lab 4. Triaxial CD
shear, c, ¢ cases Feio) 5. Direct shear CD
B 6. Simple sheur CD
Effective stress
, analysis for un- N T
Po:e p ;teeisuze drained shear or Ia_a%) Lo UEeedel Cib
param ’ for settlement
analyses 7
Empirical 1, E =(200-400)s
Stre,ss-swam Field 2. Plate bearing -
modulus, Lab 3. Unconfined compression
E uu 4. Triaxial LU )
Lab CU 5. Triaxial CU
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TABLE 1.2

FACTORS INFLUENCING STRENGTH PARAMETERS
FOR UNDRAINED SHEAR OF SATURATED CLAY

Type of Test Parameters
. -
Triaxial UU S’ E
Triaxial CU S, c, ¢, A, E
Factor Variable Type of Test
Preshear:
Sample 1, Effective stress 1. Uu, CU
Disturbance 2. Water content 2. UU, CU
Preshear: B
i. Total stress level uu
2. Eilfective strecs level 2. cu
3. Effective stress ratio, K 3. CU
Stress AT o ¢
System uring She.
4, Total stress level 4, UU, CU
5. Value of o, 5. UU, CU
6. Rotation of principal planes 6. CU
7. Cyclic loading 7. UU, CU
Preshear:
1. At constant water content i, UU
(thixotropy)
2. At cunstaat cffective stress 2. CU
(aging)
Time Du.ing Shear:
3. At constant water content 3. Ju, Cu
(strain rate effects)
Preshear an.. During Shear:
. i. Temperature 1. UU, CU
Environment . —_—
2. Pore fluid composition 2. UU, CU
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Fig 1.3. Three Basic Types of Stress Systems

(@) Triavial Compression Ao, > AC, * A0y

Ao, = A0, Loading:
‘ Aoy is positive
Aopn= 0

Aoy, =00, A0  Unloading:
Ao, =0
Aoy, is negative

(b) Triaxial Extension - A0y = 80,> A0y

Acg, = Ocy Loading: N
Ag; is positive
Aoy =C

Aoy, = b0z =00;  Unloading:
Og, =0
Ao, is negative

(c) Plane Strain Ao, > 80, > A0y ; all strains in plane
of Ag; and Ao,

Looding:
Aoy is positive
AU'3 AG} =0

Unioading:
Aoy =40 dog; =0
Aoy is negative
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Fig.l 4 Typical Stress Systems in the Field for a Normally

Consolidated Clay (footings and walls are assumed
to have frictionless

(o) Under (:2nterline of a Circular Footing surfaces )
i 1 lq le;, At Failure
i lfve alf
! - o2 03¢ Ot
| U;sc =Ko &;c
Au, > AGy, (trioxial compression)

(b) Under Centerline of a Circular Excavation

At Failure
}__ ) —
-f::‘ O3¢
—
Oj¢ = B¢
i o .
; {triaxial extension)
(c) Under Centerline of a Strip Footing
| I! | lq le; At Failure
7 i *l* i &e O
N 2
% = 3t
8 2 Fhe=KoGie
% Ao, T2t
Ag, > Ay > 4oy (plane strain)
(d) Retaining Wall with o Possive Pressure
Ay =0 At Foilure
! 03
A
" %e
| Ohe® KoBie
/Ao; Ot
Aoy > Aoy > Ag; =0 (plone strai)
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Fig.1.5. Stress Paths for Clay Elements Under the

oy, ond &,

Vertical Total and Effective Stresses,

Centerline of a Circular Footing and a

30

2.5

Circular Excavation for Undrined Shear

Cose ~ Stress Pc*h -
) - ~4)
] Total | Effective | ~ ' " 3f
Footing AB A B BE=B'E'
Excavation | AC A'C CF=C'F'
Q
5]
" S
& /
X / B
1
/7 |
|
Al
&

E
After Consolidation, Point A
i Bye= e = 1.50

Y
_JC

/1 q‘ =K°&v°8

02,5 0.75

Z - 3.00 3¢
| Kte
0.5 10 .5 20 25 30

Horizontal Total and Effective Stresses, ¢, and &,
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Fig..6 Stress Paths Employed for Experimental
Program

CU Triaxial Tests on Normally Consolidated
Boston Bilue Clay

No. |Type of Test

¢l c
CIUE
C(Kou C
CTGIU RE é»

C(i/kU E &
CiAU RC 6
C(Ko) - UU & &

VPO D BN —

Axial Stresses, 0g, T

Radial Stresses, 0‘.@ . GW
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CHAPTER 2

REVIEW AN ANALYSIS OF PREVIOUS WORK ON THE
INFLUENCE OF STRESS SYSTEM ON THE UNDRAINED
STRENGTH BEIMAVIOR OF SATURATED CLAYS

2.1 BASIC STRENGTH PRINCIPL.E>

Part [ of this report presented a detailed explanation of the
following three principles:
Principle 1

For normally consclidated samples, or for overconsolidated
samples with the same maximum past pressure Ec‘m’ there is an
unique relationship between strength and effective stress at failure

(considering shear in compression and extension separately).

Principle I

For normally consolidated samples, or for overconsolidated
samples with the same maximum past pressure, there is an unique
relationship among water content, shear stress, and effective stress

(considering shear in compression and extension separately).

Principle Iil

For both normally consolidated and overconsolidated samples,
there is an unique relationship among strength, water content at
failure and effective stress at failure as expressed by the Hvorslev
parameters (considering shear in compression and extension sepa-

rately).

These principles were illustrated by data on the hypothetical

"Simple Clay," which showed that:

1. Maximum stress difference (c;1 -03) and maximum

obliquity of principal effective stresses 51/5. were

3
reached at the same strain in undrained shear tests;
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2. Drained and undrained shear tests yielded the same

effective stress envelope;

3. Effective stress paths for undrained shear after
anisotropic consolidation (CAU tests) followed
effective stress paths from undrained shear tests
on isotropically consolidated samples (CIU tests);

4. Volume changes during drained tests could be de-
duced from effective stress paths obtained from
CIU tests; conversely, stress paths for undrained
tests could be deduced from the results of drained

tests;

5. Compression and extension tests on normally con-
solidated samples yielded the same effective stress
envelope, but differences in pore pressure (CIU

tests) and volume changes (CID tests);

6. The principles only applied to tests wherein the
shear stress was always increased, i.e., the
application and removal of shear stresses were

not considered.

As stated in Part I of this report, the actual strength be-
havior of clays often deviates from these principles. This chapter
will look at the undrained strength behavior of actual clays as
effected by stress system (anisotropic consolidation, perfect
sampiing, the value of the intermediate principal stress, and
rotation of principal planes) based on information obtained from

previous studies at M.I[.T. and elsewhere.

(S

.2 EFFECT OF ANISOTROPIC CONSOLIDATION

o

.2.1 Theoretical ireatments

Principles I and II state that stress paths from CAU tests

should follow the stress paths from CIU tests and that water contents

-38-




tos aaisolropic consotidation can also be obtained from resalts of
CIU tests (sece Figs. I1-13 and [1-14 of Part I). The hasis for these
principles was first proposed by Rendulic (1936) based on his tests
on the Wiener Tegel clay. It was then hypothesized by Taylor (1943,
footnote p. 387) and iater determined experimentally by Henkel
(1960a) for the remolded Weald clay. ¥ It has also been used by Lowe
and Kavrafiath (1960), The effect of anisotropic consolidation on the
andrained strength behavior of the Simple Clay is shown below {for

compresgion tests):

CIU Tests Ok U Tests
s /5. 0.299 9,250
' o le
A 0.945 2.01
¢ 23, 0° 23, 9°

and K_ = 1- sin ¢ = 0.608.

Skempton and 3ishop (1954) assumed that Af and ¢ were
unchanged by anisotronic consolida: mn o and thus could calculate

s s
A

the ratio S-!’;Elc for various values of K from the equation;

Sy [K+Af(1-K)] sin ¢

I 1+(_‘f-1) sin ¢

The equation assumes ¢ = 0 and that the direction of o, remains

unchanged. If Af and ¢ remain unchanged, then anisotropic

However, subsequent tests (Henkel and Sowa, 1963) on
the Weald clay showed significant discrepancies.

Hansen and Gibson (1948) also treated anisotropic con-
solidation, but employed the M\ theory.

See p. 32 of Part I for a derivation of this equation for
= 1. Fig. 1[-16 of Part 1 plots su/o ] versus 9 for
la d!\ =1- sm$andforA £ 0.5, 1.9 ana 2.0,
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consolidation increases SLI/EIC if A, is greater than one, has no
cffect if Af = 1, and decreases Su/alc if Af is less than one,
Bjerrum and Lo (1961 and 1963) suggested the use of the

following equation to correlate the results of CIU and CAU com-

pression tests (for Qg = 0):

(O -0 ) E 3
1__3._=[_-..1_-1] [1-(?—“—4—1—;{) (2.2)

. - c -
¢ 3 lc

SO |

Qf

(7, -05.,) T
1_ 3=[:1_-1][1-§£] (2. 3)
%1c - 93 - %ic

The first term on the right-hand side of these equations is called

the "strength term'" and the second the "effective stress term."

Equation 2.2 implies that for a given value of ['51/53 -1,
the values of (o -03),/51C and [1 - (Au/alC +1-K)] will be inde-
pendent of the preshear value of K. An analysis of the equation
shows, however, that such will be the case only if the pore pres-
sure parameter A is always equal to unity. This is illustrated in
Fig. 2.1 for a hypothetical clay with ¢ = 30° and KO =1-sin$ = 0.5,
The figures show that CIU and CKOU tests yield the same curves

only when A =1,0.

2.2.2 Experimental Data

The effect of anisotropic consolidation on the undrained
strength behavior of three remolded and three undisturbed normally
consolidated (N, C.) clays is summarized in Table 2.1, Plots of

" Unless otherwise noted, all tests were performed at M.I.T.
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consolidation pressure versus Ai’ and 54 and cffective stress enve-
lopes for these six clays are presented in Figs, 2.2 through 2,7,
Effective stress paths are shown for some of the tests run at M. 1. T,
Figure 2.7 for the Weald clay also contains data from CAU tests

on overconsolidated samples.

Figures 2.8 and 2.9 compare siress-strain curves for Clu
and CAU tests on normally consolidated specimens of the remolded
Boston blue clay and the undisturbed Kawasaki clays,

Other references containing information of the effects of
anisotropic consolidation are:

Broms and Ratnam (1963) - CU tests with isotropic and
anisotropic consolidation, employing a hollow cylinder
shear device, on rerinolded kaolinite;

Henkel and Sowa (1863) - CIU and CK U triaxial tests on
N.C. and O.C. remolded Weald clay; o

Ladd, (1965) - review and analysis of CIU and CAU tui-
axial test data on the six clays in Table 2,1;

Landva (1962) - CIU, CAU, CID and CAD triaxial tests on
N.C. undisturbed quick clay from Manglerud, Oslo,
Norway;

Lo (1962) - CAU triaxial tests on specimens of undisturbed
and remolded Mexico City ct

|

l

|

l

l‘ ! Lowe and Karafiath (1960) - CIU and CAU triaxial tests
| on compacted samples of core material for two dams;
l

|

l

schmertmann and Hall (1961) - CFS tests on isotropically
and anisotropically consolidated specimens of remolded
kaolinite and Boston blue clay;

Simons (19850) - CIU, CAU, CID and CAD triaxial tests

| on O.C. undisturbed samples of the Brobekkveien, Osln
ciay, but employing values of K corresponding to K _four
normally consolidated raih=r than overconsolidated speci-
mens;

Simons (1963) - summary of effect of anisotropic consoli-

dation on the effective siress envelopes of five undisturbed
clays;
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Whitman (1960) - quotes CIU and CAU {riaxial test
data on N.C. undisturbed samples of Boston blue clay
from Taylor (1855),
.2.3 OUiscussion
The test data on the six not mally consolidated clays in Table

2.1 show the following effects of anisotropic consolidation:

At (01 B GS)max.

1. The change in su;’?flc was generally small with a aaxi-
mum increase of 10% and a maximum decrease of 15%
(Table 2.1, Figs. 2.2 through 2.7);

2. The value of Af
(0.2 to 0,5) except for the remolded Weald and
Vicksburg Buckshot clays (Table 2.1, Figs. 2.2
through 2. 7);

decreased by a significant amount

3. The slope of the effective stress envelope ¢ de-
creased by 0 to 4° (Table 2.1, Figs. 2.2 through

2.7);

4. Tne strain at failure €, was considerably smaller,
being generally less than 1% versus 2 to 15% for the
CIU tests.

At (o, 03)'1{182{.

5. The value of q;’_]c was always decreased, often by
a substantial amount (Table 2.1, Figs. 2.8 and 2, 9),
indicating that anisotropic consolidation produces a
more sensitive structure;

6. The pore pressure parameter A generally increased

by a substantial amount (Figs. 2.8 and 2.9), and in

some cases even became negative [i.e., (G‘l - 03) be-
came less than (o) - 03) at consoclidation];

The value of ¢ was essentially unchanged (Table 2.1;

-]
-
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8. The value of Aa/gic + (1 - K) was higher in the CAU
tests, since q/glg was decreased for a constant

value of ¢.

in summary, for these six normally consolidated clays for
which CIU tests yielded su/Elc =0.29-0.4%, A= 0.80-1.10, and
¢ =24-37" [all at (o, -0
A, and ¢ at (0‘1-63)

; , anisotropic consolidation decreased
S)max.]v anisotropt olidation decreas

— and produced a more sensitive structure,
but had little effect on su/?}'1 . and on ¢ at maximum obliquity,

Figures 2.10 and 2.11 show that the terms in Eq, 2.2 are
highly dependent on the value of K and hence the assumption that
the relationship among shear stress, obliquity and effective stress
is unique is not even approximately valid, except possibly at maxi-
mum obliquity.

The preceding data have shown that natural clays, as opposed
to the Simple Clay, do not follow the strength principles regarding
the influence of anisotropic consolidation on undrained strength be-
havior. This fact is illustrated by the stress paths plotted in Fig.
2.12 from CIU and CAU trsts on the Kawsasaki clay. The stress
paths from the CAU tests obviously do not follow an extension of
stress paths from CIU tests, thus negating Principle II. Principie
I is generally valid at maximum obliquity but not at (cr1 - GS)max.
where CAU tests yield lower values of ¢. Moreover, the use of
Principle II to calculate values of A, and Su/glc ior CAU tests
from the results of CIU tests yields values of Su/;k: which are
generally much too low and values of A £ which are generally much
too high (the Weald clay in Table 2,1 is an exception), as shown in
Table 2.2, On the other hand, the use of Eq. 2.1 and values of Af
and ¢ from CIU tests do yield reasonable values of Su/alc due to
the fact that the errors in the assumed values of Af and ¢ are
partially self-compensating {Af too high causing an underestimate
of strength and ¢ too high causing an overestimate of strength).
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EFFECT OF PERFECT SAMPLING

2,3
2.3.1 Definitions and Equations
A sample of saturated clay is consolidated one-dimensionally
and exists under KO stresses so0 that: .
Vertical consolidation pressure = FVC
oavc‘

Horizontal consolidation pressure = Eh K
As was shown in Fig, 1,2, KO is approximately equal to 0.6 fer
normally consclidated clays and Ko becomes greater than unity (i.e,,
O becomes larger than Evc) when the overconsolidation ratio

exceeds approximately 3.5+ 1. Perfect sampling denotes an un-

c
drained release of the Ko shear stress to attain an isotropic state of
stress.

The isotropic effective stress after perfect sampling, Eps’
of a saturated clay which had vertical and horizontal consolidation
pressures of Ev . and Ehc = KOEV respectively can be derived as
follows: Let Acg v and Agy be the changes in vertical and horizontal

to achieve isotropic stress, so that:

total stresses
(80, ~Agy) = {0, -0y ) = -0, (1-K)
and let the resultant pore pressure change be Au. Define the pore
pressure parameter for unloading as Au where:
Au - Ach ,
Tl vy v by
v h
crh) = =0, (1 -Ko), Au = Aoy -A O (1 -Ko), the iso-
will therefore be equal to:

Since (Acv -A
tropic effective stress o

h

als
3

Increases in o, and o, are positive values of Ao, and Ag
and decreases are negative values of A.c}'V and Ach.
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ng - th+égh-au
=K o__-A (85 _-Ac)
o ve u G h
=0 K +A o ({1-K)}
ve o uve o
So =0, [E\0+Au(1-k0)] {2.3)

Equation 2.5 is valid for values of K() both less than and greater
than unity. Skempton (1961) and Seed, Noorany and Smith (1964)
present equations similar to Eq. 2.5, but their form of Au uses
Acl and Aos, which changes in direction when Ko becomes greater
than unity.

The relationship between Eps and Evc is illustrated in Fig.
2.13 for normally consolidated {(Point A) and highly overconsclidated
(Point B) samples of a hypothetical clay for three different values
of Au. The straight line from the origin to Point A indicates ¢ con-
stant Ko of 0.65 for normally consolidated clay; the curved line
from Point A to Point B shows an increasing value of KO as the
O.C.R. increases (KIo = 2.2 for O.C,R, =10 at Point B}, The
figure shows that gps / Fvc for normally consolidated clay will always
be less than unity for Au values less than one; the reverse is true
for overconsolidated samples with K =1, i.e., Eps/gvc will be
greater than unity for Au values less than one.

Prior to running a laboratory triaxial shear test on so-called
undisturbed samples, the clay must of course be removed from the
ground, taken to the laboratory, trimmed and finally mounted in the
test apparatus. Perfect sampling represents the best sample that
can be tested because no disturbance has been given to the sample

other than that involved with the release of the in situ shear stresses.

The perfect sampling process is also of interest in studying
the effects of rotation of principal planes, Figure 1.5 showed that
the clay beneath the center line of o circular excavation (effective
stress path A'C') crossed over the K =1 line (isotropic effective
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stresses) in the process of reaching failure., This type of undrained
shear therefore represenis a triaxial extension test on a ''perfect”

sample,

2.3.2 Experimentai Data

Data on vaiucs of A and Eps/EVC for several normally con-
solidated and cverconsclidated clays are presented in Table 2, 3,
(Bishop and Fienkel {1°03), Seed, Noorany and Smith (1964) and
Skempton and Sowa (1563) present additional data.) For normally
consolidated clays, Au generally equais +0.15 + 0.15. Since

KO = 0.6 + 0.2, the resulting value of the ratio of effective stress
after perfcct sampling to the vertical consolidetion pressure is:

opsfcvc = 0,66 (0,40 -0,86) .

As clays become overconsolidated, the values of both Au and K,

inerease and hence the ratio EpS;EVC increases. In fact, perfect

sampling of heavily overconsolidated clays can yicld values of "5“5

which exceed the vertical ccnsolidation pressure O,c

Tables 2.4 and 2.5 presert data on the effects of perfect
sampling on the undrained strength behavior for triaxial compression

for normally consolidated specimens of remolded Boston blue clay

and of undisturbed Kawasaki clays. The CAU tests are undrained
triaxial compression tests on anisotropically consolidated samples;
the CA-UU tests are undrained triaxial compression tests on perfect
samples., Figures 2,14 and 2.15 show stress paths and stress-strain
curves for CAU and CA-UU tests on the Kawasaki clay.

The data on the Boston blue clay and the Kawasaki clay are
summarized in Table 2.8. Similar data on undisturbed samples of
the San Francisco Bay mud (from Seed, Noorany and fmith, 1964}
and on remolded samples of the Weald clay (from Skempton and Sowa,
1963) are also summarized in this table,

2.3.3 Discussion

Perfect sam.ling had the following influence on the undrained

strength behavior of the four normally consolidated clays shown in
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Table 2.6, i.e., comparing CA-UU and CAU tests:

At (Gl - 63)max.

1. The undrained strength s, was decreased by 7%

(range = 2 to 10%);

N
-

The pore pressure parameter Af was decreased

by 45% (ranze = 22 to 76%);

3. The strain at failure €, wes increased by 2 to 3
fold (range =1.15 to 6.1 1imes larger),

4. The slope of the efiective stress envelope ¢ was

increased by 1. 1° (range = 0.6 to 1. 7).

At (517{’733)3133‘7 (BBC and Kawasaki only}

5. The shear strength was slightly lower (ave. de-

crease = 4 1+ 2%);
6. The effective stress envelope was unchanged.

In summary, perfect sampling causes a slight decrease in
undrained shear strength, has no influence on the effective stress
envelope at maximum obliquity and only a slight influence at (01 ‘GS)max.’
but causes a large reduction in the pore pressure parameter A ¢

2.4 EFFECT OF INTERMEDIATE PRINCIPAL STRESS

2.4.1 Theory

The undrained shear strength S, of an isotropically consoli-
dated saturated sample is related to consolidation pressure EF,
pore pressure parameier at failure A, and friction angle @ (for
c = 0) by {see Eq. 2.1, set K =1):

sin$
b : (2.6)
53 1+ (2A,-1) sin ¢

W
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The value of the intermediate principal stress ¢, during undrained

2
shear can therefore influence the value of Sy in two ways: by
changing the effective stress envelope and by changing the excess

pore pressure and hence A £

The Mohr-Coulomb failure criteria assumes that o, has no

effect on the failure envelope, wi. .eas other failure criterga, such
as the extended Tresca and the extended von Mises theories, predict
that ¢ will be increased by increased values of oy (see Hvorslev,
1960, for an extensive discussion of different failure criteria and for

a review of experimental data).

Henkel (1960b) has suggested a pore pressure equation in
terms of the octahedral stresses, rather than simply in terms of
changes in the major and minor principal stresses, to account for
the influence of O, On excess pore pressures:

AUI + Aaz +Ag

3

Ay = 3

+ a[(Acr1 - A02)2 +

(2.7)

{Ac -AGB)Z + (Ao --Acrg)z]]‘/:2

2 1

If the revised parameter "a'" is independent of Ao, the value of Au
for a given value of (Acl - Acg) will increase with increasing values
of Acz. As stated on p. 54 of Part I, the pore pressure parameter
A for extension tests will he equal to that for compression tests plus
1/3 at the same value of (A.cy1 -1.\.::3) if "a" is constant.

Juarez-Badillo (1963) has employed octahedral normal and
shearing stresses in his analysis of excess pore pressures in terms
of changes in stress difference for consolidated-undrained compres-
sion and extension tests on normally consolidated and overconsolidated
clays.

2.4.2 Experimental Data

The results of consclidated-undrained shear tests with pore

pressure measurements on saturated clays eniploying varying values
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of the intermediate principal stress are summarized below. Unless

otherwise stated, all tests were isotropically consolidated.

Taylor (1955) summarized the results of CIU triaxial com-
pression and extension tests on normally consolidated and over-
consolidated samples of undisturbed Boston blue clay (P.I, = 17-29%).
A valid numerical « omparison of the data is not possible because
the compression and extension tests were run on different batches
of the clay, although trends were established. For normally con-
solidated samples, the extencion tests yielded values of s, some
10 to 20% lower, but the same friction angle. Similar decreases
in S, occurred with cverconsolidated samples. but the effective
stress envelope =mppeared to be somewhat higher., Taylor concluded
that the decrease in Sy for the extension tests was caused ny an

increase in excess pore pressurcs,

Hirschfeld (1958) ran CIU triaxial compression and extension
tests on three normally consolidated undisturbed clays (an inorganic
clay with P.I, = 25% and two organic si.'y clays with P.I. = 24 and
28%). Values of S, for extension were 20 to 25% lower than those
for compression; there was too much scatter in the data to detect
any significant change in the friction angle

Parry (1960) reports the results of an extensive series of
CIU triaxial compression and extension tests on normally consoli-
dated and overconsolidated samples of remolded Weald clay
(wL = 43%, P.I. = 25%, mixing w = 34%)., These data are sum-
marized in Fig. 2.16. Extension tests produced undrained strengths
about 15% below those tailed in compression and increased Af by
0.23 + .05. The value of ¢ was unchanged for normally consoli-
dated samples, whereas failure in extension appeared to cause a
slight increase in the effective stress envelope of heavily over-
consolidated specimens. Axial strains at failure for the extension
tests were only about one-half of those which occurred in the com-

pression tests.
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Wu, Loh and Malvern (1963) performed CIU triaxial com-
pression and extension tests and CIU hollow cylinder tests with

varying values of g, on normally consoiidated samples of remolded

Sault Ste Marie cla)? (a glacial lake clay with w, = 52 - 56%,

P.1. = 2429% and mixing w = 40%)., Strength parameters for
extension and compression are shown in Fig, 2,17, Plots of S,
versus Ec and q, versus f)'f for all test data are presented in Figs,
2.18 and 2.19 respectively, These data presumedly represent con-
ditions at maximum stress differences, although they may also
closely approximate maximum obliquity because the soil is insensi-
tive. Table 2.7 gives average values of the various parameters
from tests having a consolidation pressure greater than 2.6 kg./ cmz.
Although there are considerable scatter in some of the data, the

following trends appear evident:

1. There is little effect of ¢, on su/'c?c until 52f
becomes appreciably greater than p = ('61+'63)f/2.
Comparing the extremes, the strength in triaxial
extension was 30% less than the strength in tri-

axial compression;

2. The friction angle remains unchanged unless the
test results of I1 and 13 are considered signifi-

cant;

3. Consequently, the decrease in 8, at very large

values of Oo¢

excess pore pressures.

is caused solely by increased

However, the results from the hollow cylinder tests may well have
been influenced by experimental problems (as stated by the authors
in their closure to discussion - ASCE, JSMFD, Vol. 80, SM2,

p. 165, March, 1964), For example, test series Cl (triaxial com-
pression) and Cla (hollow cylinder compression) should have
yielded identical results whereas measured values of su/EC and
Au/EC often differed more than did the resulis .rom the hollow

-50-




cylinder tests wherein o, was varied appreciably.

Broms and Casbarian (1964) present the results of CIU hollow

cylinder tests, with widely varying values of g,, on normally con-

solidated remolded kaolinite (wL_ = 57"%, P.I, =225%, Activity = 0. 64,
mixing w = 48, 5%), These data are summarized in Fig. 2,20
wherein s /o, A, and $ are plotted against (0, - ag)y/(0y - ag), for
three values of consolidation pressure. The ratio (02 - 03)1.{(01 - 03)1.
expresses g, in terms of its location between ) and csf."' The
ratio is zero for triaxial compression (02f= 03f) and is unity for

triaxial extension (02f= clf)' The data show that as o,,. i rcaises

2f
from T3¢ (triaxial compression) to Oir (triaxial extension) 1) the

value of Af increases; 2) ¢ increases until o, is about halfway

2f
between o, and o, and then remains constant; and 3) su/Ec

remains approximately constant until o,, is halfway between o

2f 3f
and ¢ . and thep undergoes a fairly large decrease which reaches

25 + 5% when o, = Oir (triaxial extension).

2f
Bishop (1957 and 1961) quotes comparisons of effective stress
envelopes from CU triaxial compression and plane strain tests on
Ko consolidated samples of a compr~ied moraine (3% minus 2u).
The plane strain sample was 4 in. high by 2 in, deep by 16 in. long
(see Cornforth, 1964, for a detailed description). Values of $ were
2° and 4° higher in plane strain than in triaxial compression at
conditions of maximum stress difference and maximum obliquity
respectively, The cohesion intercept ¢ was ircreased by 1,7
and 1. 0 psi respectively. For plane strain, the value of 311. was

approximately equal to 0.3 (61 + Es)f.

Wade (1963) performed an extensive series of CU plane

strain tests (same equipment as above) on KO consolidated samples

" The above total stresses can, of course, be replaced by
effective stresses.



of remolded normally consolidated Weald clay and compared his

results with those obtained from CKOU triaxial compression tests
on the same soil (Skempton and Sowa, 1963), Relative to the tri-
axial compressivn tests, the plane strain tests produced a slight
increase in su/}':r-lc (0.28 vs. 0.26); a slight increase in ¢ at both
maXimum stress difference and maximum obliquity (by 1. 20); a
large decrease in Af (1.64 + 0.10 vs. 2.15), although the value of
A'u/?r'lc +(1- KO) was only slightly decreased (0.65 + 0.10 vs, 0, 66);
and a large decrease in the strain at failure (2 -3% vs. 5-6%).
The intermediate principal stress at failure was less than the
average of the other two principal stresses (Ezf = 0.41 Ef).

2.4.3 Discussion

Table 2.8 summarizes the effects of the intermediate princi-
pal stress on the undrained strength behavior of saturated clays.
Extension tests, relative to compression tests, employing both tri-
axial and hollow cylinder shear devices, show very consistent trends
in that:

1. su;’?ic always decreases by 20 + 10%;

2. Af always increases by 0.4 £ 0.2;

3. ¢ of normally consnlidated clays remains es-
sentially unchanged (except for the remolded

kaolinite wherein ¢ increased by 7°);

4, The effective stress envelope of heavily over-
consolidated clays showed a slight increase.

However, when the value of ¢, is midway between that for

compression and extension, and/or er21ua1 tc that for plane strain,
the experimental data show that the value of undrained strength is
little different than that from triaxial compression tests, althcugh
the friction angle generally increased. Changes in Af were erratic
and varied from large increases (remolded kaolinite) to large

decreases (remolded Weald clay).
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There are two major drawbacks in extrapolating the data

for intermediate values of o, to field practice. First, the data

obtained from the hollow cyl?nder tests are difficult to interpret
because: 1) nonuniform stress distributions and end restraint
have effects on the data; and 2) one has to assume the validity of
the theories of elasticity and plasticity and a failure criterion in
order to compute two of the three principal stresses. Second, the
plane strain data, although free from problems of interpretation,
were obtained on anisotropically consociidated samples of a clay
whose undrained strength behavior is apparently considerably
different than that of natural normally consolidated clays (see

Section 2,2 on effect of anisotropic consolidation).

2.5 EFFECT OF ROTATION OF PRINCIPAL PLANES
2.5.1 General

Section 1,3 pointed out examples in the field where rotation
of principal plan’ occurred during shear. The rotation of principzl
planes along the failure arc resulting from undrained failure of a
strip footing resting on a normally consolidated clay is depicted
in Fig. 2,21, In element A under the footing, ihe direction of the
major principal stress at failure, Elf’ coincides with the direction
of the major principal stress at consolidation, 01 , loe, there is
no rotation. In ele nent B, Glf rotates 45 + ¢/2 degrees to the
left for a horizontal failure surface, and in element C, the major
principal stress rotates 90° to the left. Another way of describing
the amount of rotation is to look at the direction of the failure plane

relative to the direction of major principal stress at consolidation.

Figure 2,22 shows the direction of the principal planes
before and after shear of a normally consolidated clay via an in

situ vane shear test. The failure plane is vertical and the directions

ste
»®

Assuming validity of the Mohr-Coulomb f{failure criteria,
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of the major and intermediate principal stresses have rotated by

20°,

The change in direction of principal planes during a direct
siear test is shown in Fig. 2,23, The failure plane is presumed
to be horizontal so that the major principal stress rotates 45 + 3;/2

degrees, just as for element B in Fig. 2.21,

If the clay had isotropic properties, the direction of the
failure plane would have no influence on strength behavior. However,
the in situ preshear stress system is seldom isotropic; therefore,
various planes through the soil have different consolidation stresses
and probably different orientations of the clay particles, and con-
sequently one might expect to obtain different strengths along dif-
ferent failure planes, The question is: how significant is the
direction of the failure plane* on the undrained strength behavior?

2.5.2 Theoretical Treatments

Hansen and Gibson {1948) employed Skempton's \ theory
(Skempton, 1948) and the Hvorslev parameters to compute the vari-
ation in undrained shear strength, S, of saturated clay with incli-
nation of the in situ failure plane, including the in situ vane tests
with its vertical failure surface, They also computed theoretical
values for laboratory LU and CU tests with triaxial compression
and direct shear (horizontal failure plane) equipment based on two
extremes of sampling (the case of perfect sampling and the case
wherein the clay underwent a passive failure prior to sampling).
The results of their analysis for a hypothetic sensitive silty clay
with KO = 0,50 are tabulated below:

" There can be a suotle difference between "direction of
failure plane' and ''rotation of principal planes," but this
difference will be ignored in view of the general lack of
information on this topic.
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L. Values of s /o
Test Condition ! 4’ vo

In Situ: Active earth pressure 0. 331
Passive earth pressure 0.183
Horizontal failure plane ‘ 0.213
Field vane 0,191

Lab. Unconfined

Perfect sample 0.250

"Failed" sample 0.170
Consolidated-Undrained

Triaxial compression 0. 348

Direct shear 0.213

These theoretical estimates show that the direction of the failure
plane is a very important consideration. Data will be shown to
support the large differences indicated above. The predictions of
Hansen and Gibson are indeed surprisingly accurate in view of the
greatly oversimplified picture of soil properties that was assumed.
For example, the compressibility of soil in all three directions was
assumed to be linear and equal, the Hvorslev parameters were
assumed to be unique, and A?z was assumed equal to zero for plane
strain.

Schmertmann (1964) suggests that the undrained shear
strength along various planes through an anisotropically consolidated
clay is proportion«l to the preshear consolidation stress on the plane
of failure. Consequently, he predicts that S, along a vertical
failure plane (such as from a field vane) will equal K, times s
along a horizontal plane (for vertical one-dimensional consolidation).
For the hypothetical clay ireated by Hansen and Gibson (1948),
Schmertmann would therefore predict 5, (vertical plane) = 0, 50 5.
(horizontal plans), whereas Hansen and Gibson predict S4 (vertical

plane) = 0. 90 s, (horizontal p'=ne).

Tenny (1960) and Hansen (1963) have treated in situ vane
strengths in horizontal Ko consolidated clays as equivalent to tri-
axial compression tests on samples isotropically consolidated to the
. . a 1 s . . e = - - _—
in situ horizonta! consolidation stress (i.e., ac Uho Kcavo)'
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2.5,3 Experimental Data

The types of tests desired for analysis are undrained shear
tests on anisotropically consolidated clay with different directions
of the failure plane at a constant value of 62.* The following data
are from tests which fail to meet this requirement, but nevertheless
show important trends which shed light on the problem,

Broms and Casbarian (1964) ran CU hollow cylinder tests
on isotropically consolidated samples of remolded kaolinite. The
axial (az) and tangential (ae) stresses were varied such that the
radial stress (or) equalling g, was kept equal to the consolidation
pressure. A torque was then applied to the top of the sample to
sroduce a change in the direction of the principal planes and to
cause an undrained failure, Their test data are plotted in Fig, 2. 24,
At a = 00, o equalled o, (failure caused by increasing o, and
decreasing 0'6); at a = 90°, o equalled O (failure caused by in-
creasing Oy and decreasing oz); at intermediate angles, a torque
was applied to the sample. The data show essentially equal strength
parameters at o = 0° and o = 900, as would be expected for an
isotropically consolidated sample. At intermediate values of o, the
undrained strength decreased because of increased excess pore pres-
sures and a lower effective stress envelope. The maximum strength
reduction (about 30%) occurred at « = 45°, Broms and Casbarian
explain this strength minimum in terms of a rotation of 0y through
an angle of 45°, so that the failure surface almost coincided with
the orientation of the clay particles during the initial phase of the
test. The writers disagree with this reasoning because a test with
a = 45° on an isotropically consolidated sample must be a simple
shear test wherein the direction of o remains unchanged during
shear. Nevertheless, the test data show a very significant influence
of the direction of the failure plane. Perhaps some of the effect is

Or for g corresponding to plane strain,
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caused by the assumptions which must be made in order 10 compute
the principal stresses, or is due to problems in equipment cali-
bration. Or perhaps the clay structui e was not truely isotropic

prior to shear.

The results of consolidated-undrair ed triaxial compression
and extension tests on anisotropically consclidated samples of
normally consolidated undisturbed Kawasaki Clay Il are presented
in Figs. 2.25 and 2.26 (Lambe, 1962b). Two samples were con-
solidated to essentially identical nressures. In the CAUC test, the
axial stress was increased; in the CAURE test, the radial stiress
was increased. The tests correspond to tests 3 and 4 respectively,
in Fig. 1.6, and to undrained shear under a circular footing and
beneath a circular excavation (Fig. 1,4) respectively. The test

s

results show:

At (0. ~5.) CAUC Test CAURE Test
71 “3'max. (Circular Footing) (Circular Excavation)
su(kg/cmz) 1,33 0. 68
_ Au

Af - —A—E Oc 53 0. 96
$, degrees 36.5 479
Axial strain, % 1.2 (compression) 9.8 (extension)
¢ in direction of Ag, % 1.2 ~5

The above data show that the stress system applied during
shear had a very important effect on undrained shear strength (by
a factor of two), excess pore pressures, friction angle and stress-
strain behavior. It is not possible, however, to separate out the
basic cause of the effect because there are two variables: 1)
change in direction of the principal stress (the principal stress

" Although the water contents of the two samples were
very different, extensive shear data on this clay have
shown that the strength parameters are essentially
independent of water content variations,
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rotated 90% in the CAURE test); and 2) different stress systoms
at failure (triaxial compression in the CAUC test versus t iaxial
extension in the CAURE test, i.e., the relative magnitude of Ty
was different for he two tests).

The fact that rotation of principal planes‘per se will not
always produce a large reduction in strength is illustrated by the
triaxial test data in Figs. 2.27 and 2.28 (Whitman, Ladd and
da Cruz, 1960). One sample was consolidated with the axial stress
greater than tho radial stress and then failed in undrained com-
pression, i.e., a regular CAUC test. The second sample was con-
solidated with the radial stress greater than the axial stress and
then failed undrained in compression by increasing the axial stress
idenoted by CAURC and corresponds to test No. 6 in Fig. 1. G);

The undrained strengths of the two samples are almost the same
even though the pore pressure and stress-strain characteristics
are markedly different. In this test series, as contrasted to the
previous one, the stress system at failure was the same in both

samples but the siress system at consolidation was different,

The Norwegian Geotechnical Institute (Landva, 1962) per-
formed undrained triaxial compression and simple shear tests on
anisotropically, normally consolidated undisturbed samples of a
silty quick clay from Manglerud, Oslo, Norway. Pertinent data

£

on the Manglerud clay are:
Depth of samples = 6-9.5 m.
Wy E 25-27%, P.1. = 5-8%, Activity = 0.11-0,17
L.I. = 2-3,5, Sensitivity = 100
7 /o =0.16 £+0.05 from field vane
max.’ vo
s,/0,,= 0-23 from average of 5 uncoufined tests
i

KO = (.50 +0.03 from triaxial tests.

The triaxial tesis were regular stramed contralled CKOUC tests

except that special efforts were made to minimize disturbance and
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the rate of strain was very low (only 0,1% axial strain per hour),

The simple shear tests (called Consolidated Constant Volume Direct
Shear Tests by N.G.I.}) were run on cylindrizcal samples {dia. = 10 ¢m,
heicht = 1 em) in which the borizontal surface was prevented from
tilting, Lateral deformation was restrained via a reinforced (steel
wires) rubber membrane. Duriag shear, the normal load was

varied in order to maintain a constant volume. Hence the tests

werc undrained. The samples were consolidated in the apparatus

prior to shear and presumedly had a Ro stress - stem.

The data from the triaxial and simple shear tests are com-
pared in Figs. 2.29, 2.30 and 2.3l. Note that measured values of
stress bave in some instances been adjusted in order to compare
like parameters. For example, in Fig. 2.29, values of shear stress
7 from the simple shear tests have been divided by cos ¢ in order
to obtain (cr1 = 03)/2 = q. Furthermore, excess pore pressures are
compared in terms of au' = Elc -B'ff, which is directly measured
in the simple shear tests (Au' = change in @ on horizontal piane),
but must be computed for the trriaxial zompression tests (see Fig.
2.31). The strain in the simple shear test is equal to the horizontal
movement divided by sample thickness.

At maximum stress difference, the simple shear tests,

relative to the triaxial compression tests (for Elc/av values
greater than 1,2):

1. Had a 25% lower undrained shear strength ex-
ressed as = 7/os &
P Upax, = 7E0S ¢

i = a0, .
2. Had a friction angle some 5-6" lower, which

was the principal cause of the lower undrained

strength;

3. Had a much higher strain (10% versus only 0. 3%

for the triaxial tests).

At maximum obliquity, the simple shear tests again yielded much
lower strengths and friction angles,
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The stress system in the two tests differ in two respects:
1) the triaxial tests are failed in triaxial compression {i.e.,
o, 03), whereas the simple shear tests fail apprcximately in plane
strain [(52 = {g) + cB)jQ]; and Z) ihe direction of the major and
minor principal planes remain ~~:-ctant in the iriaxial tests whereas
they rotate through an angle of 45 + ¢/2 = 55 - £0° in the simple
shear test (see Fig. 2.23). The data on the effect of o, on strength
behavior (see Table 2.8 for the summary) indicate that plane strain
has relatively little effect on S, but may increase excess pore pres-
sures and the friction angle somewhat. Although these data are for
insensitive clays, there is no reason to believe that the trends would
be completely reversed for the quick Manglerud clay. Consequently,
the vastly different strength behavior of this clay in triaxial com-
pression and in simple shear must be caused primarily by the

rotation of the principal planes.

Landva (1962) also reports the results of miniature lab vane
tests run inside triaxial samples for both isctropic and anisotropic
consolidation. These data are summarized below. They should,

however, be treated as preiiminary results,

u ay (o, /o =2
Manglerud Clay (clc‘lgvo 24

Type of Test T/Elc S;u/glc: Su/afcm Comments
Triaxial CIUC - 0.29 0.29
Triaxial CAUC - 0.28 0.435 K =0.50, $ = 24,7°
Lab Vane, CIV 0.38 0.405 0.405 Assume ¢ = 20°
Lak Vane, CAV ~  ¢.19 0.20  0.355 K =0.50, Assume

$:200

ST . © effective normal stress at consolidation on plare
ngich ends up as the failure plane.

,,,,,

Efc/a = [K(H/D)+a/2]/[(H/D)+a/2] where H/D =

1
height?diameter and '""a" is a parameter expressing
distriobution of shear siress on horizontal ends of the
vane {Schmertmann, 1964)
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Skabo Clay (EIC/EV'O = 2) (see Table 2.1 for index properties)

Type of Test T/GIC Su’/cylc su/cfc Comments
Triaxial CIUC - 0.32  0.32
Triaxial CAUC - 0. 32 0.505 & =26.5°, K=0,49

Lab Vane, CiV  0.53 0.565 0.565 Assume ¢ = 20°

Lab Vane, CAV n, 32 0. 34 0.61 K= 0.49, Assume
$ = 20°

For isotropic consolidation, the data show undrained strengths from
the vane which are 60 + 20% higher than triaxial compression
strengths. This is certainly surprising and casts considerable doubt
on the accuracy of the data. On the other hand, the vane data on the
isotropically and anisotropically consolidated samples show remark-
able agreement in terms of strength as a function of consolidation
stress on the failure plane, i.e., values of su/'c?fc. Moreover, these
values are in reasonable agreement with values of su/EfC obtained
from the CAUC tests,

In situ vane data by the N.G.I. from three Norwegian clays
employing vanes of various height to diameter ratios have indicated
<trengths on the horizontal plane which are 50 - 60% higher than
tnose on the vertical plane (from G. Aas of the N.G.I. during a
visit to M.I. T. in September 1963). Two of the clays were very

sensitive to quick, the third was moderately sensitive.
2.5.4 Discussion

The precedirg data do not show directly the influence of rota-
tion of principal planes on the sirength behavior of anisotropically
consolidated clays. However, there can be no doubt that the un-
drained strength, excess pore pressures, friction angle, and stress-
strain characteristics of an anisotropicaliy consolidated sensitive
clay are greatly affected by the type of stress system apgplied during

shear, Variations in undrained strengths of 25-50%, changes in
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friction angle of several degrees, and very large differences in the
strain at failure could easily occur along a single failure arc of a
strip focting or between clay elements beneath a circular feoting
versus a circular excavation. The clay most susceptable to these
effects would probably be a normally consolidated sensitive to quick
clay having a high degree of anisotropy. An overconsolidated clay
with K =1 would probably be little effected.

For a given clay, the most important variables are thought
to be the preshkear value of K, the direction of o at failure rela-
tive to its direction after consolidation, and the relative value of
Oy during shear.

The belief that undrained strength can be uniquely relatec
to the consolidation stress on the failure plane is certainly an over-

simplification. For example, the preceding data have shown:

Normally Consolidated Kawasaki Clay (K = K_ = 0.50)

Failure In Su/olc Su/ofc
Triaxial compression 0.445 0.745
Triaxial e .tensicn 0.225 0.24

Normally Consolidated Manglerud Clay (K = K, = 0. 50)

Failure In fu/ e Su/ Itc
Triaxial compression 0.28 0.435
Simple shear 0.21 0.21

Finally, the interpretation of fie.d vane data in normally con-
solidated clays is questionable at best, Brinch Hansen (1963) and
Kenney (1960) have treated vane strengthe as equivaient to CIu
compression tests starting {rom EC equal to the in situ horizontal

stress. The preceding data do not support this contention.
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MEASURED VERSUS PREDICTED STRENGTH
PARAMETERS FOR CAU TESTS

Measured From Principle I From Eg. 2.1

Clay , 5./0 Ay S0, A 5,/ N
Boston Blue 0.3, 0.60 0.265 3.6 0,31
Vicksburg Buckshot 0.28 1.05 0..5 V.5 0.29
Kawasaki 0.42 0.50 0.35 1.2 0.40

Assumes that CAU tests follow the effective stress
paths from CIU tests,

" Assumes that anisotropic consolidation yields the same
values of ¢ and A; as obtained from CIU tests.
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Fig.2.l. Stress Difference and Pore Pressure vs

(0, -03)

+ (1-K)

Obliquity as ¢ Function of K and A

(For compression tests, Aa, = Aoy =0 ; ¢ = 30%
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Fig. 2.2. Effect of Anisctrcpic Consolidation

on Undrecined Strength
N.C. Remolded Boston Biue Ciay

(Consolidated from g Fresh Water Slurry)
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Fig.2.3. Effect of Anisotropic Consolidation on

Undrained Strength
N.C. Remolded Vicksburg Buckshot Clay
(Consolidated from a slurry)
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Fig.24 Effect of Anisotropic Consolidation on
Undrained Strength

N.C. Undisturbed Kawaski Clays
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Fig.2.5. Effect of Anisotropic Consolidation
on Undrained Strengh

N.C. Undisturbed Brobekkveien, Oslo,Clay (Simons, I260)
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Fig.2.6. Effect of Anisotropic Consolidation on
Undrained Strengh

N.C. Undisturbed Skabo Clay (Landva, 1962)

ClU Tests l
CAU Tests, K=0.36 - 0.55 |

i u

1.2 ! T — L
1.0} X X 1 .
T 08 — "% i x X 7
< 0 ?Z — - X=X — 1
0.6} X X L CAU ‘ q
0.4 %
0 | z E 3 5 6
0., kg/cm2
2.0 : , o
- M
1.5 5’ % —
a H
s : i |
{c)” lo g A[%f%
X T _:XV*
-~ 0.5} ’—l—ﬂx/ —
3 /
G : 1 _

o
N
o
(0))




Fig.2.7. Effect of Arisotropic Consolidation
on Undrained Strength

Remolded Weald Clay (Gkempton and Sowa, 1963)  °
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Fig.2.8. Effect of Anisotropic Consolidation

on Stress — Strain Behavior

N.C. Remolded Boston Biue Clay

{Consolidated from o Fresh Water Slurry'
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Fig.29. Effect of Anisotropic
Stress Strain
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Fig.2.10. Siress Difference _and Pore Pressure
vs Obliquity for CIU and CAU Tests

N.C. Remolded Boston Biue Clay
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Fig.2.1l. Stress  Difference and Pore Pressure

vs Cbliquity for CIU and CAU Tests

N.C. Undisturbed Kawasaok: Clays
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Fig. 2.13. Perfect  ,amniing of a Normally
Consolidated Clay and an
Overconsolidated  Clay

Note: The one dimensional compression and

rebound curves simuicte o data
for the London Clay {Skempton, 196l)
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Fig.2.15 Effect of Perfect Sampling on Stress - Strain
Behavior of NC. Undistubed Kawasaki Clay I
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Fig.2.16 Undrained Strength  Parameters

for CIUC and CIU E

Tests on

Remolded Weald Ciay (Parry, 1960)
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Fig.2.17. CIU Compression and Extension Tesis on

Remolded Sault Ste Marie Clay
(Wu, Loh §Malvern, (963 )
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Fig.2.20 Effect of Intermediate Principal Stress on
Undrained Strength Behavior 9% Remolded
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Fig. 2.21 Rotation of Principal Planes Along
The Failure Surface for a Strip Footing

on a Normally Consolidated Clay
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Fig. 2.22 Rotation of Principal Pianes
for an In Situ Vane Shear Test
in a Normally Consolidated Clay
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Fig. 2.23 Rotation of Principal Planes in
a Direct Sheor Test on a
Normally Consolidaied Ciay
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Fig.2.24 Effect of Direction of Failure Plane
on Undrained Strength Behavior of
Remolded Kaolinite (Broms ond Caosborian, i964)
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Fig. 2.25 Effect of Total Stress Path on Effective
Stress Path for Undrained Triaxial Tests
on N.C. Undisturbed Kawasaki Clay II
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Fig.2.26 Effect of Total Stress Path on Stress-

-g3) ond Ao, kg/em?
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Strain Benavior for lindrained Trigxial
Tests on N.C. Undisturbed Kawasaki Clayll
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Fig. 2.27 Effect of Total Stress Path on Effective
Stress Paths for Undrained Triaxial Tests on

N.C. Remolded Vicksburg Buckshot Clay
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Fig. 2.28 Effect of Total Stress Path on Stress- Strain
Behavior for Undrained Triaxial Tests on
N.C. Remolded Vicksburg Buckshct Clay
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Fig. 2.29 Strength Parameters from CU Triaxial and
Simpie Shear Tests on N.C. Undisturbed
Mcnglerud Clay (Landve,1962)
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q/&;c

17%%, or

/—\U/‘fc

/G or g/ﬁ

S*ress vs Strain from CU Triaxia!l

and Simple Shear Tests on N.C.

Undisturbed Manglerud Clay (Landvo, 1962
3

\
i
/

\ 178 Fig
—— CKQUC Triaxial Test No. 10, Gic/Buo=3.0
——- Simple Shear Test No.K.39, 8¢ /G 2.6
0.3
r\..{/a_',c
0.2 A 1T
‘ﬂ’_—-' T m— — —_—
// \ e S—
/ ~ \
/// /07,
0.1 A -
/s
7
/
o —t —
0 S i0 15 20 25 30
1.0
0.8
0.6+ e —_— T
//”
0.4 e
_
—
021 //
/
—
o] i
0 S 10 15 20 23 30
1.O
08 - —
0.6+ q/p
04 e — 1
i
/‘(T/"’_ — .
021 s T g, O :=pprmag! effective stress
g T
0 .
0 5 I0 15 20 25 30
Strain £ %
CK, UC, € : axial strain Simple Shear, €= shear strg

-94-




Plofd 410 /o

Lol 60 80 20 9'0 G0 v 0 €0 20 1’0 0
ﬁlllJF/,/, ! . e
2 ~ .
N
e
~ |
T..l |/| ,.lr.u - g — e e I —— 10
///
1034ys 3)adw;s \ /// L \&X
~— ,Ia..llrnf'!n\..\l.\ s _ .
— - | - ] eo
| T——T o0 | ,
: o - - - SRS e — e I 3 o
. Y10 210 o !
Tx%i QDMRL 404 El...m ~55 -
[ i
I I
dup|d [DJUOZIIOY UC $ISSB4YS |DWIOU PUD JL3AYS 3D o PpuD
2 8IYM Oy /o sadlp/ 40ld 22 =0h5 /0, ‘EEY 'ON 4S9 4DIYS WIS — —e—-
Yo/ d salp/b Jojq OF O /2 ‘Olon 453l joxOlL JNOH) —O—
(2961 ‘DApuDT)
\AU—O b:._w_oco.} paqJnjsipun "O'N U0 sjisa] J4Days
3|dwIS puD |DIXDLif (1D WOJ) SYIDd SSaUS dA09443 (g2 ‘big

-100-




CHAPTER 3

TEST PROCEDURES FOR TRIAXIAL TESTS ON
BOSTON BLUE CLAY

3,1 BOSTON BLUE CLAY

Boston blue clay is generally found in thick deposits (up to 70
feet or more) underlying the Greater Boston area, The upper portioa
ol the deposit is heavily overconsolidated, probably due to desiccation,
whereas the lower portion is usually normally consolidated. It is a
highly variable silty clay with liquid limits usually ranging from 30
to 50% and plastic limits from 20 to 35%, The per cent clay size
typically varies between 20 and 40%. Some portions cortain appre-
quantities of sand. The specific gravity of the solids is usually 2.80 %
0.02.

The composition of Boston blue clay is predominately illite

and gquartz with some chlorite,

In order to obtain a uniform supply of clay, remolded rather
than natural soil was used, The clay was prepared by consolidating
a fairly dilute slurry of soil in a large container to a moderate pres-
sure and then trimming triaxial specimens from the large sample.
This procedure yielded a clay with strength properties similar in
many respecis to those of a natural normally consolidated clay of
moderate sensitivity. Thus, this remolded clay acted differently

than most remolded clays.

3.1.1 Gample Preparation

A large batch of soil 5.5 inches in diameter and 4.5 to 5
inches high was prepared in the laboratory following the steps des-~
cribed below:

1. 10,000 ¢. of dry powder of clay (the original

clay was obtained from field pits and subsequently
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(1]

air dried and ground in the laborsztory) was mixed
inte a slurry with tap water at a water content of

approximately 400%,

The slurry was thoroughly mixed and passed
through No. 100 and No. 200 mesh sieves.

The salt content of the mixing water was increased
to 1 - 17 g./liter by adding NaCl; after the clay-
water system flocculated, excess salt water was
siphoned off and a dilute slurry obtained with a
water content of approximately 140%. The salt
(NaCl) content of the pore fluid and the dilute
slurry was determined pricr to o-e-dimensional

consolidation.

The slurry was heatea to 70°C, with continuous
stirring, and then placed under vacuum in an
evacuated consolidometer; the apparatus and its
operatior is described in detail by Wissa (1961,
p. 87), Dow Corning Silicone lubricant was ap-
plied liberally on the inside of the cylinder of the
consolidometer to reduce friction during consoli-
dation. The deaired slurry was mixed carefully
in the consolidometer before lowering the piston
in place.

The slurry was one-dimensionally consolidated
from a water content of approximately 140% to
Elc = 1,50 kg.f(‘:mz. When consolidation was
completed, the batch was extruded as described
by Wissa (1961, pp. 87-88).

Upon extrusion, the batch was cut with a wire
saw into three chunks and stored in Mobile BB

Transformer oil in a humid room.
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.individun! sanmiples were eut and trimmed for each

-

test fror this supply.

3.1.2 Untfermi.y ol Batches

Average waler content is plotted in Fig. 3.1 as a functiop of
height for the two clay batches which were the main sources of
supply used in this investigation, In addition, one sample was taken
from a similar bateh of Boston blue clay designated S-4, Water
content measurcments from the trimmings of this sampie arce also

plotted in the same figure.

3.1.3 C(lassification Data

\m

<

Classification data (performed according t5 Lambe, 1951)
from batches Nos. 5-0 and S-6 are given in Table 3-1. Availabie
data sre also given for batch S-4. The grain-size distribution

curve for the clay used for bateh No. S-5 is plotted in Fig, 3-2,

(3]

TEST PROGRAM

A series of consolidated-undrained triaxial tests were run
with pore pressure measurement on sampiles cut {from previousiy
consolidated batches of Boston blue clay. Prior to "sampling” in

the iaboratory, the clay was subjected to a consolidation pressure
2

of 1.5 kg./em”. The major principal consolidation pressure, 7, o

p»«

2
used in the friaxial tests was never below 4.00 kg./em”, Theremr

ail the samples should behave as if they wer= normally consoiidated.

The program is described in Tabie 3-2, In reiteration, the
variables investigated for theiy effects upon behavior in undrained

shear were;
1. Valueof K
2, Value of g, at failure
3. Fffeci of perfect sampling

4.  Vaiue of major principal consolidation pressure
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5. Controlled stress versus controlled strain during

shear.

3.3 TRI/ XIAL TEST PROCEDURES

3.3.1 Setup of Samples

All compression tests were performed in Clockhouse tri-
axial cells, Tests involving rotation of p-incipal planes and axial
cvxtension were all run in Geonor, S.A. [manufactured in Oslo,
Norway, ond described by Andresen and Simons (1960)] triaxial
celis. Only botto. - end drainsge was used throughout the investi-

gation. All sampies were of 1,41 inch diameter.

The drainage lines leading from the bottom pedestal of the
base of the triaxial cell were flushed through with deaired water
and a burette attached to one of the lines to record volume changes
during consolidation., The other drain ..ne was shut. A red rubber
sleeve was forced on the pedestal, always assuring that it could be_
rolled up upon placement of the porous stone and the sample to jusi
cover tre entire thickness of the stone, but not cutting into the clay.
Following placement on the ped2sial of a saturated porous stone,
the sample was mounted, and the filter paper drains [eignt verti-
cal strips in all compression tests and three spiral drains in tests
involving reorientation and extension, consistmé of Whatman's No.
54 paper, described by Bishop and Henkel (1962)},were put in place
such ti:at their ends reach down to the body of the pedestal over
the side of the porous stone. The red rubber sleeve was then

rolled up.

The rubber membranes {(Trojan prophylactics) were rolled
uver the top loading cap and secured with 2 or 3 O-rings. The
top cap was placed on top of the sample, which w.s already on the
pedestal with filter paper drains. One of the membranes was care-
fully rolled down over the saniple and red rubber sleeve, which
now prevented direct contact between the membrzne and the porous

store. Dow Corning Silicone Lubricant was lightly applied to the
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outside ot the membrane and the red rubber slecve,  The second
membrane was then roled down and hoth were fastencd securely
t: the bottom pedestal with 2 or 3 O-rings,

Placement of the plexiglass cylinder and the loading piston

was arranged in two different ways:

1. In all compression tests (excluding thoss which
involve reorientation of principal planes, i.e.,
consolidated inO and subsequently sheared in
compression) the plexigiass eviinder was
fastened to the base of the cell, [t was filled
with deaired water leaving about 50 ce. of air
on top. The top 60 ce, was then {illed with
Teresso 85 (produced by Esso) ail to reduce

leakage of water around the piston and to mini-
= p _ﬁ*-\_n

4

7

mize piston {riction during shefr. The loading

piston was then lowered through the bushing on
top of the cell into the top loading cap. The

apparatus was ready for consolidation.

2. In all tests involving the application of an axial

upward force, (i.e., tests failed in extension
or consclidated with Z,iKO stresses} the loading
piston was fastened to the top loading cap before
the samplie was mounted on the pedestal of the
base, Therefore, to put the plexiglass ¢ linder
in place, the top bushing of the Geonor apparatus
was removed to prevent the sample from beoing
loaded. The top bushing was carefully lowered
over the loading piston once the cylinder was
fastened to the base and the cell filled with de-
aired water, Teresso 85 o1l was then forced
into the top 50-60 cc. of the cell with 2 small
pump displacing the same amouni of water from

the ccli, which was let out throgh the cell line

= {l-



in the base of the apparatus,

3.3.2 Consolidation

Three ratios of minor to major consolidation pressure were
applied before shear. These were: K= 1, K, and 1/}{0. Each will
be treated separately. Constant ccenfining pressures applied to the
triaxial cell water were obtained from an adjustable mercury column
[described by Bishop znd Henkel (1962)] or an N.G.1. constant pres-
surc cell [see Andresen and Simons (13560)].

Isotropic Consolidation. The confining pressure was applied

to the water in the triaxial cell, the drainage line leading to the
burette was opened, and the sample allowed to consolidate. Burette
readings were generally taken at 1/2, 1, 2, 4, 8, etc,, minutes
after the valve to the burette was opened. Burette readings versus
log time were recorded during each pressure increment to ensure
that primary consolidation was completed and to detect the presence
of leaks irom the cell into the sample. Each pressure increment
usually doubled the preceding one, beginning with 1.00 kg./c mz,
until the desired preshear consolidation pressure was reached. The
axial shortening of the sample was measured by recording a change
in a vertical reading (usually between top of piston and top of plate

of cell) during consolidation.

KQ Consolidation, a nominal ratio of KO was selected based

on past experience with the same clay. This ratio, Erc/ga was

Cl
equal to 0,54, The miner principal concolidation stress, 53(:
was applied to the triaxial cell water, and the stress difference,

|

=0
re’

C

o 332, acted on the top of the loading piston via a dead weight
hanger [see Fig. 52 in E.shop and Henkel (1962)]. After the appli-
cation uf the pressures the drainage line leading tn ihe burette was
opened. Axial shortening in the sample was recorded by an exten-
someter (0,000] inch divisions) resting on the crosshar of the
hanger. Volume and length changes were plotted against log time
during consolidation at 1/2, 1, 2, 4, 8, etc. minutes. The first

stress increment wus 538/616 = 0.60/1.12 kg./cmz, followed by
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A appt Ba0es A ey L& : HR 3 377 * r * 3= 3 A5 §
tvpieal values of 1o, 2007, 2072, 3.2, a6

s 4.09, 3. s, 5,42 and

§ 2 it . ; il e
5,00 kg./em” for o, ; attempts were made to keep o, {07, 8% close
c S 30 [

to 0.54 as poessibic throughont consoelidation (avtual preshear values

)

of K are given for cach test in the Lext chapter), At the end of

)

.

Vot

consolidatton 0,10 kg,/em”™ wus added to the stress difference in an
~ftempt to correet for the constraint provided by the vertical paper
drains.  Such corrections werce not applied if spiral paper drains
were used in a test as, for example, in all KO consolidated tests
followed by rotation of pruncipal planes in extension (i, e,, (WF{UEHE

tests),

1/K  Consclidation: A nominal ratio of horizontal to verti-
i}

cal consolidation pressure was taken as the reciprocal value of K,
this ratio, 1;”!{0, was cqual to 1.84, The major consolidation pres-
sure, EIC; was applied to the water in the triaxial cell, whereas the
minor consolidation pressure, 53(:’ acted axially. To produce such
a stress system, an upwar. force was applied during consolidation
to the loading pistun, thereby decreasing the axial stresses below
the value of the all-around cell water pressure. Any desired stress
difference could be obtained with a modification of the N, G. 1, aniso-
tropic loading arrangement [described in Fig. 10 in Andresen and
Simons {1860)] mounted on top of the triaxial cell, The arrangement
iz shown also in Fig. 3.3, The drainage line leading to the burette
was opened after the application of the load increment. The increase
in length of the sample in the axial direction was measured with an
extensiometer (0, 0001 inch divisions) resting on the top bar of the
hanger. Volume and length changes were plotted against iog time

at the same time intervals as previously noted for K = i and I{D
consolidation. As the first stress increment, ESC{E}C = 0.33/0,60

.2 , .
kg./cm” was usualiy applied, followed by typical values of 7, 80,

for o, =0 .
le re

1.10, 1.50 kg./em
Overiapping vertical paper drains were used in tests which

were to be sheared in axial compression, C{lfKO)UI{C tests, and

spiral paper drains in those which were sheared in extension

EE]KO')L?E tests,
) -107-




3.3.3 Pore Pressure Measurement

The N.G.L. null system [a U shaped tube with a 1.3mm,
bore diameter {illed with mercury, shown in Fig. 6 of Andresen
and Simons (1960)] was used to measure pore pressures in the
sample. The null system was thoroughly deaired and checked for
leaks. The volume measuring burette was then removed from the
end of the drainage line and the pore pressure measuring device
attached to it. To ensure saturation of the sample, the sample was
backpressured (the pore water in the sample pressurized through
the null system to an arbitrary amount, usaally 3.00 kg,/cm2 in
this investigation) and the cell water pressure increased by the
same amount. A pericd of a few hours usually elapsed before the

system came to equilibrium,

The pore pressure response ‘P, P.R.) was measured when
equilibrium was reached in the mercury U tube, indicating that
the entire system adjusted itself to the increase in pore and cell
pressures, Note that in tests wherein K # 1 durihg consolidation,
a change in o, would change o, unless an axial force were applied
either through the proving ring (if and when the sample is ready
for shear) or the anisotroric loading arrangement. This was taken
into account in every P.P.R, measurement to maintain constant
effective stresses on the samples., The P, P.R. is the ratio of the
increase in pore pressure, Au, to the increase in chamber pres-
sure aac, This ratio is the same as Skempton's B parameter.

It was measured by determining the rise in pore pressure when the
chamber pressure was increased by an arbitrary amount of

1.00 kg.;’cm?, A P.P.R. greater than 90% was considered ade-
quate to ensure a sufficient degree of saturation in the sample. If
the P,P.R. was lower than 90% the system was backpressured
for another hour or so to establish equilibrium in the system.,
Except in one case, this procedure always yielded 90% P.P.R. or

greater at a backpressure of 3.00 kg./em?
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3.3.4 Undrained Shear

The Norwegian Geonor and Wykeham-Farrance loading frames
were used {or tests of the controlled sirain type, whereas loads in
the controlled stress type were applied through the N.G.1. aniso-

tropic loading arrangement and, or a dead weight hanger.

Controlled Strain. 1In these tests a nominal strain rate of 1%

per ty, was applied (tgo designates the time required for 90% con-
solidation in the triaxial apparatus) to ensure adequate pore pressure
equalization in the sample. Shearing was carried on until both maxi-
mum stress difference and maximum obliquity had been reached or
exceeded. Time required to reach failure under the rates of strain
as shown in Appendix B differed according to type of test, The
following times were typical: CIUC tests, 10 hours; CIUE tests,
7 -8 days; EK?EC and C(KO)-LTL?C tests, 10 -1l hours; E(T’LJERE
tests 7-8 days; C(I/K_JUE tests, 5 days; Wfﬁb tests, 5
days.

Pore pressure was measured either directly through the
null indicator or indirectly. Direct measurement of Lore pressure
proved to be the most convenient method in all tests involving axial
extension and/or reorientation of principal planes. In simple com-
pression tests, however, the pore pressure during shear was main-
tained constant and equal to the back pressure while the cell pressure
was varied to keep the level of the mercury unchanged in the U
shaped tube of the null system. Hence, in these tests the reported
values of pore pressure change are actually changes in cell pressure.
This method of testing is common practice in the Soil Mechanics

Laboratory at M.I.T. It has been called a "constant volume test."

Readings of e’apsed time, change in pore or cell pressure,
sample length, and proving ring were taken during shear. Length
changes were measured with an extensiometer (0.0001 in./division).
The axial force was measured with Wykeham-Farrance prov'ng
rings calibrated for both axial compression and extension (usually
about 0.06 kg./0.0001 inch deflection).

SRR




e eeeee——————————

In tests involving axial extension a special connection was
provided between the proving ring and loading piston to withstand
an axial pull. An extension test in progress is shown in Fig. 3.4.

The following types of tests were run with controlled strain

during undrained shear: CIUC, CIUE, C(K_JUC, C(K )-UUC,
CO/K _JUE and C(I/K JURC and C(KO)U’RE.

Conirolled Stress. In the first three or four increments, ten

per cent of the estimated load increase necessary to cause failure
was applied. In subsequent increments this was reduced to [ive per
cent or to an even lower value near failure. Readings of pore pres-
sure and axial strain were repeated several times after the appli-
cation of each load increment until equilibrium was approximately
reached. The next lcading was then applied to the sample. 1n both
CIUE and WRE tests this practice allowed 40 to 60 minutes
for one increment. The stress controlled mnc tests were
sheared at a much slower rate, i.e., increments were applied at

every 6 -12 hours, or sometimes even less {requently.

Pore pressures in those tests were always measured directly

tarough the null system,

Stress controlled shear was used in the following types of
tests: CIUE, C(K_JURE and C(l/K_JURC.

3.3.5 Measurements and Calculations

Before the sample was set up in the triaxial apparatus, its
weight and length were measured and recorded. Five water content
determinations were made from trimmings, three from the sides,
one from the fop, and one from the bottom. The weighted average

of these was taken as the initial water content,

After failure, all stresses were removed from the sample
at constant volume and the cell was ihen dismantled. The f{inal
weight, length, and the circumference at the top, middle, and bottom
of the sample were all measured before a final water content deter-

mination was made on the vhole sampile.
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L.ength and volume changes were recorded during consoli-
dation, Change in length o1 the sample during shear was measured

to obtain continuous strain readings.

All the above data were analyzed in a trial and error pro-
gram, and adjustments were made where necessary 1o ensure &
consistent set of values for weight of solid particles and volume
changes during consolidation as computed from initial and final
measurements of the total weight and water content of samples, and
burette readings during consolidation. These calculations were
carried out for each test and the results are presented on a separate

data sheet for each test in Appendix B.

To compute the stress differerce at any stage during shear,
the area of cross section of the sample must be known. The con-
ventional area correction is based on the assumption that the sample

deforms at constant volume as 2 right circular cylinder, and an

A
expression is obtained of the form, A = I-EO_E’ where AO designates
the initial preshear area, and € = T’ where LO is the initial
o

length and AL is the change in length. The sign of ¢ changes de-
pending on whether the sample is sh7ui «d in axial compression or
extension. This method was applied in CIUC, C(K_JUC and
C(Ko)~UUC tests throughout shear.

Preliminary calculations in tests involving axial extension
or compression carried to larger sirains suggested that the area
of the average cross saction of the sample as determined by the
above expression is in error, The order of magnitude of the dis-
crepancy becomes intolerable beyond ~i axial strain of 6 to 7%.
Therefore, in all tests which were saeared in axial extension, or
in compression following reorientaticn of principal planes, the
stress difference beyond € = 6 - 7% was computed according to
area changes that were obtained from an assumed parabolic distri-
bution of area of the sample, Photographs of extension test speci-

mens are shown in Figs, 3.5 and 3.6.
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Calculated values of stress difference as obtained from either
of the above two methods were then corrected for the estimated
effects of the filter paper drains and piston friction. The filter strip
correction was applied only when vertical paper drains had seen
placed on the sample. These corrections, as functions of axial

strain, are shown below.

Corrections to Stress Difference

Filter Paper Correct.on

33

Correction to (o - .k, kg.fem”

% Strain

0=-2 ({;3 E;’?%’a) X (0.10}
> 2 0.10

Piston Friction Correction

% Strain Correction: % (r:r} - 63}

0-2 0

2-4 0.5
4-6 1.0
6-8 1.5
8-10 2.0
i0-i2 2.5
etc.

These corrections are only treated as an approximation to actual
values. They were based on experience in the Soil Mechanics Labo-
ratory at M.I.T. and data published by Bishop and Henkel (1862},



TABLE 3.1

CLASSIFICATION DATA ON BOSTON BLUE CLAY

Batch No. o
S-4 5-5 S5-6

Specific gravity, Gg - 2.78 -

Average water content, % - 31.2 30,3
Ligquid limit, % 32.6 33.3 32.8
Plastic limit, % 19.5 20,4 20,3
Plasticity Index, % 13.1 12,9 1L )
Liguidity Index - 0.81 . 0.80
Shrinkage limit (remolded), % ~ 16,9 =

Salt content, g/¢ NaC¢ - 16.8 16.0
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Fig. 3.1 Variation in Water Content of Batches
of Boston Blue Clay

Symbol Batch No.

A—-—- S-4
X S-5
o— —  5-6

water content, %
20 30 40

Top — X

Middle }—

Bottom -—
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Fig. 3.3

1/K, Consolidation

In N.G.I. Triaxial

Cell

Fig. 3.4

Strain Controlied
Extension Test

In Progress




m————y

Fig. 3.5

c(d ZKOS UE Test

.
T

ik

In Progress At

Approximately 5%

Axial Strain

Fig. 3.6

Oven-dried

Sample, Test

No. CIUE-1
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CHAPTER 4

PRESENTATION AND ANALYSIS OF TRIAXIAL TEST DATA
ON NORMALLY CONSOLIDATED BOSTON BLUE CLAY

1.1 PRESENTATION OF RESULTS

F'he program of consolidated-undrained triaxial tests on
normaily consolidated samples of remolded Boston blue clay (BBC)
was described in Section 3.2, Table 3.2, and Fig. 1.6. The results

of the tests are summarized ac follows:

Table 4.1 - Summary of stresses and strains at maxi-
mum stress difference and at maximum obliquity, and

water content and consolidation stress data;

Table 4.2 - Information on water contents, consoli-
dation stress increments, time of cor-olidation under
the last increment, time to 1% strain and to strain at
failure {maximum stress difference);

Figures 4.1 to 4.4 - Effective stress patas {plot of
Ea versus Er) from strain controlled tests with iso-
tropic, KG, and 1;’2{0 consolidation and from tests
with stress control during shear;

Figures 4.5 to 4.7 - Summary of strength data (qf

versus ;—)'f and g, versus s and Af) for tests with

isotropic, Ko’ a}ii E/KQ consclidation respectively,

Appendix B presents tables of properties during consolidation
and tabulated stress-strain data for each of the twenty tests. Stress-
strain plots for each tfest are given in Appendix C. Water content
and volumetric strain data are plotted versus major principal con-
solidation stress for K = 1, Kc’ and lfKO consolidation in Appendix
D.
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4.2 EFFECT OF WATER CONTENT AT FAILURE

The plots of water content versus consolidation stress in
Appendix D show considerable scatter due to variations in initial
watcer content and compressibility (the volumetric strain plots also
show considerable scatter) and because of the problem of accurately
determining water contents.:; What is the effect of water content
variations on the undrained strength behavior of samples consoli-
dated to the same pressurc? Data are presented in Fig. 4.8 which
suggest that water content variations are relatively unimportant.

The figure plots A, s /o and i@;l,f'53) versus water conteni at

faiture from CIUC and CAUC tests with the same major principal
consolidation stress run on a variety of batches (some with fresh
water and some with salt water as the pore fluid) over a three year
period. Even though the spread in water contents corresponds to
changes in consolidation stress on the order of one kg.f’cmg, there
1s no consistant variation in the parameters with variation in water
content at failure for a given pore fluid and type of test. (it is
inter esting to note that the pore fluid salt concentration also had a
relative minor effect on strength behavior even though the water

contents were altered appreciably.)

It is concluded that scatter in water contents at failure pro-
bably does not have a significant eiffect on the undrained strength
behavior of this clay-water system.

However, in comparing data from various tests it is im-
portiant to compare tests having approximately the same time of

consoiidation under the last increment. In fact, it is better to

Water contents from ‘rimmings often varied; changes

in water content during consolidation are difficult to
determine because of inaccurate volume change readings
and possible variations in the degree of saturation; the
samples undoubtedly imbibed some water during dis-
assembly (Henkel and Sowa, 1963).



b3

U}

compare averages from several tests using normalized parameters

because variations between tests of the same type (due to slight
differences in test procedures) are often as large as differences

between different types of tests,

4.3 EFFECT OF CONSOLIDATION STRESS

Many normally consolidated clays exhibit normaiized be-
havior {p. 10-11 of Part I) in that the strength behavior in terms
of dimensional parameters [(01--73_,.-351(:, (cr,_. 3), Au/ gk and A
rsus axial strain and Ea;”g

v versus o¢_/a, ] is independent of
IC I iC

e
the magnitude of the conselidation stress. The data on BRT .or

,-4-

UZI

5
strain controlled tests with gi =4 and 6 kg./em” do not show a

"

consistant trend. In general, for samples failed in compression,
an increased consolidation stress has little effect on s ,.-"'Ek and
(the CIUC tests show considerable scatter), although maxi-
mum obl.quity often increases. On the other hand, for samples
failed in extension, an increased consolidation ﬂ:tress auses a
il -14% decrease in Su;alc, and an increase in Af; the data at
maximumn obliquity are probably unreliable because of necking.
It is concluded that consclidatic. stress does not have a

large influence on strength behavior. In comparing strength para-
m

le/]

ters irom the different types of tests, average values from the
— Z
tests with g, =% and 6 kg./em”™ will generally be employed.

These values are presented in Table 4. 3,

4.4 CONTROLLED STRAIN VERSUS CONTROLLED
STRESS TEST>

Both sirain controlled and stress controlled tests were run
for three types of tests. The stress-strain curves are compared
in Figs. 4.8 through 4.1l for the CIUE, L(h YURE, and

C(E_i’K(_})URC tests respectively., Table 4.1 <-’umm rized the daia

at maximum stress difference and at maximum obliquity. In ali
cases, the stress controlled tests yielded a lower s 'GI“ ratio (by
11 - 25%) and a higher value of Ai'; stress difference versus strain
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was decrcased, at least after severzl tenths per cent strain, but excess

pore pressures versus strain were little altered,

The basic reason for the relatively large differences in un-
drained strength is not clear because of differences in the conscli-
dation times and strain rates, For example, comparing the tests
faiied in extension, the streass controlled tests had a shorter time of
consolidatiun under the last increment (3 days versus 6 to 12 days)
and a smaller total volumetric strain during consolidation, It is
known (Bailey, 1 61; Ladd, 1961; Bjerrum and Lo, 1963; Ladd, 1964)
that aging will increase the stress-strain modulus and undrained
shear strength, while having little effect on excess pore pressures.
On the other hand, the stress controlled tests were strained more

rapidly and reached ((Jl -03) more quickly (10 -13 hour versus

max.
23-120 hour) than the strain controlled tests, This difference would

tend to cause higher undrained strengths in the stress controlled tests
(Bjerrum, et al, 1958; Crawford, 1959; Casagrande and Wilson, 1931;

Richardson and Whitman, 1963),

Coraparing the tests failed in compression, the stress con-
trolled tests had about the same time of consolidation and volumetric
strain, but a much slower average strain rate (110 versus 12 hours to
reach 1% strain; 240 versus 76 hours to reach failure), which may

have been an impeortant factor contributing to the lower strength.

In summary, .:e stress controlled tests yielded lower values
of 5, and stress-strain modulus (at larger strains), but practically
identical excess pore pressures. The reason for this behavior is not
clear. It may in part be caused by differences in aging or in the time
to reach failure. Or possibly, the rapid strain accompanying each
increment of loading in the stress centrolled tests causes an additional
rupture of interparticle bonds and ""creep' that does not show ap

during relatively uniform straining.

4,5 EFFECT OF INTERMEDIATE PRINCIPAL STRESS

The effect of the int=rmediate principal stress, G is shown
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those failed in extension (g, = o, = g_). Data are available for |
£ i

iropic consolidation (CIUC versus CIUE tests) and for anisotropic

consolidation (C(K_JUC versus C(I;’I{U}UE tests).

For isotropic consolidation, the data are summarized in

Table 4.3 and Fig. 4.5.

and the stress-strain curves in Fig., 4.13 show that shear in

extension {(relative to shear in compression):

1.

Decreased s, by 14%;

This decrease is caused by a large increase in
excess pore pressures (best seen in Figs. 4.12
or 4,13);

au;EC at a given strain was generally 0.13 + 0,03
higher; the A parameter at a given stress differ-
ence was higher by more than one-third (the theo-
retical value for a linear elastic material, also

see p. 54 of Part 1), except near failure;

)

3'max.,
increased somewhat {there were considerable

The [riction angile at (UZ -g ¢u, may have

scatter in the extension test data);

The stress-strain modulus, E = {0, -0,)/e _. .,
i 37 Taxial
was increased by approximately 50% at low stress
levels; the modulus in terms of strain in the
direction of the major principal stress would be
even higher because radial strains are only one-

half of the axial strain (since AV = 0, €, * 26, = 0);

At maximum obliquity, ; was increased by 80;

however, the values of ¢ from the extension tests
are suspect because necking at large strains may
have produced significant errors in the calculated

values of axial stress.
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Comparisons of extension and compression tests on aniso-
tropically consolidated samples are shown in Table 4,3 and Figs.

4.14 and 4.15. The trends are very similar to those ohserved with

the CIU tests, in that shear in extension:
. Decreased s , but only by 6 + 6%;

2. The excess pore pressures were significantly

increased, except at large strains;

3. ¢ was increased slightly;

4. The stress-strain modulus probably increased
{the strains were too small to accurataly assess

the difference};

5. ¢ at maximum obliquity increased slightly (since
maximum obliquity in extension occurred at rela-
tively low strains and hence prior to necking, the

values of ¢ should be reliable). .

Whereas the CIU compression and extension tests should have
the same water content at failure, since both were isotropically con-
solidated under identical pressures, such is not the case with the
CAU compression and extension tests. The compression tests were
consolidated with K _ stresses (Erc: = 0.53 Eac:) while the extension
tests were consolidated with l,fKo stresses (i.e., EI‘C =1.9¢ c:)'

The average effective stress in the latter tests was therefcreagreater
than that in the Ko tests. The resultant differences in volumetric
strain are shown in Fig. 4.16. For a given value of major principal
consolidation stress, the volumetric strain increased in going from
K = KG to K=11o K= I/Ko. The lower water contents in the
Cﬁ;’Kﬁ){}E tests may explain in part why the extension tests on
anisotropically consolidated samples did not produce as large effects

a5 observed with the isotropically consolidated samples.

In summary, an increase in the intermediate principal stress

frem triaxial compression to triaxial extension:
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1. WDecreases the undrained shear strength because of

large increases in excess pore pressure;

2. Increases the stress-sirain moduius at low stiress

levels;

3. Increases the friction angle at both (o, -0} _ .
1 "3'max

and (g, -a.,) , although the exact difference is
1 "3 max.

difficult to measure;
4. Increases the volumetric strain during consolidation.

All of the above effects produced significant differences, at

least for research studies,

4.6 EFFECT OF ANISOTROPIC CONSOLIDATION

The effect of anisotropic consolidation on stress versus stramn
is shown in Figes. 4.17 and 4.18 from undrained compression and
extension tests respectively. Effective stress paths in terms of
axial and radial stresses are presented in Figs. 4.19 and 4.20.
These data, and the summary of test results in Table 4.3, show

that anisotropic consolidation (using average values):
1. Increased SQ;EIC by 16 to 21%;
2. Decreased ¢, by 3to 8,
3. Decreased Af by 0.35 1o 0.67;
4, Decreased €g from 3.4-6% to only 0.2 -3%.

At maximum obliquity, anisotropically consolidated com-
pression tests produced the same friction angie, but a significantly
lower shear siress. The opposite trends occurred with the exten-
sion tests; however, the problem of necking may be partially res-
ponsible for this behavior.

Reference to Fig. 4.16 shows that anisotropic consoiidation
had opposite effects or volume changes for compression and exten-

sion. Relative to K =1, KO stresses caused a smaller volume

decrease and 1;’K€" stresses caused a larger vclume decrease. This

~125-

b



diffevence m volume change behavior might partially explain why
anisotropic veonsolidation in extension produced larger increases

in strength than occurred in the compression tests, The larger

OXCess pore pressures in the CIUE tests relative to the CIUC
tests also explains why anisotropic consolidation yielded a greater

strength increase for the extension tests.

The effect of "perfect'” sampling from a K, condition was

covered in Section 2., 3.

1.7 EFFECT OF ROTATION OF PRINCIPAL PLANES

4, 7.1 Intrjﬁduction

Due to limitations of the triaxial apparatus, it is not possi-
ble to study the effect of rotation of principal planes at a constant

value of the intermediate principal stress o One can only investi-

.
gate the influence of switching from compression to extension or
vice versa. Consequently, Oy also changes, thus introducing
another variable, However, by determining the effects of rotating
from compression to extension and of rotating from extension to
compression, one raight ascertain upper and lower bounds of the

effect of rotation at constant ¢,. An average of the two types of

tests might also approximate the effect of rotation of principal
planes in plane strain, where o, is probably about midway between

triaxial compression and extension.

Data are presented on two types of tests, -C_(_I\:Tf)—RE and
C(I;’KO)URC, which will be referred to as RE and RC tests
respectively for simplicity (RE = rotated and failed in extension;
RC = rotated and failed in compression). In the RE test, the

sample is K consolidated with 6. =g, and 0. =0, = o
0 ac lc e 2c

s
3dc
is then sheared undrained by decreasing o, and/or increasing .

{whether g, is decreased or o. is increase~d has no effect on
effective stresses or on stress versus strain for a given value of

(Ao -Aoa); the total stress path only influences Au, just as Ag,
. «d
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only influences Au in triaxial compression tests ). At fzilure,
6. =0
r i

= g, and 7,7 0y i, e,, a triaxial extension state of stress
exists, This test simulates {ailure under the center lLine of 3 cireu-

lar excavation {see Fig. 1.4(b)}, and will be compared to failure

under the center line of a circular footing {see Fig. 1. 4{a}] as re-

presented by a C(K JUC test.

o
et

[

In the RC test, the sample is consolidated under /K

i3

It is shearcd by

stresses with o =g. anda =g

=g
re le 2¢ ac

C 3¢’
increasing g, and/or decreasing g. 8o that the siress system at

failure is triaxial compression with 9, =0 and g =0, = 0. This
i IS

test does not simulate a field situation for a normally consolidated

o]

clay. However, such a stress path could occur under the center
line of a footing on a highly overconsolidated clay (K_ would be
greater than unity and hence 0q would act in the vertiical directfion
prior to shear),

4.7.2 Test Results {only strain controlled tests are
considered unless otherwise stated)

Effec*tive stress paths in terms of axial and radial stresses
are plotted in Figs, 4.2 and 4. 3; typical siress-strain curves arc
compared in Figs. 4.2] and 4.22, Table 4.3 and Figs. 4.6 and

4.7 summarize conditions at failure,

For tests starting from KO stresses, failure in extension,

relative to failure in compression:

1, Decreased Su"f—g-lc by 53 * 5% (the stress con-
trolled tests produced strength which were 60%

lower);

2. Increased the friciion angle at maximum stress

difference, gu, by 10° (zgain there is a problem

See pages Z1-22 of Part 1. This is a very important
fact (as lonp as the B parameter equals one) which
18 often not comprehended.
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due to necking) and the strain at failure by 30
fold;

3. Doubled the value of A (A is definc i as
(Au - Anﬁ)/(Ao[‘ - Aca) in th¢ RE test because
Aoa is the change in the minor principal stress

in terms of the stress increments applied during

undrained shear);

4, Increased ¢ by several degrees and decreased

‘g, by 35% at maximum obliquity.
le 77

It is emphasized that these large changes are the result of
differences in applied stresses during undrained shear; the consoli-
dation stresses and hence the water contents at failure were
essentially identical (within experimental accuracy). This mea-s
that the undrained strength of a normally counsolidated sample of
BBC below the center line of a circular excavation is less than one-
half of the strength of an identical sample beneath the center line of

a circular footing.

For tests starting from I/KO stresses, failure in com-

pression, relative to failure in extensicn:

i. Increased su/'Elc by i0% (the stress controlled
tests produced strengths which were 10 to 15%

lower);

2, Increased $u by 10° (no problem with necking
in this case) and the sirain at failure by some
65 fold;

3. Cut the value of Af in half;

4, Increased ¢ only slightly but more than doubled

4/, at maximum obliquity.

Conscquently, this test series produced results which werc

opposite in many important respects from those of the RE tests.
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Possible reasons for this behavior will be presented in Section 4.7. 3.

The type of stress system applied during shear also has a
pronourced effect on stress-strain moduli*, as illustrated in Fig.
4.23. The applied stress, in terms of change in stress difference,
is plotted against axial strain. The results of a UU test on a
"perfect sample" are added for comparison. In tests without rota-
tion, C(K_JUC and WE, a very small increment of applied
stress produces failure, whereas the other samples can sustain a

large in=rement of zpplied stress before failing.

Values of stress-strain modulus (E = Ao/e, where € = axial
strain) divided by the major principal consolidation stress are

tabuiated below,

E/E]C
No. Type of Test Ag At c=0.1% At e=1%
1 C(KQ)UC-I a, increased 150 14
2 C(KD)URE-4 o, increased 270 64
3 C(KD) -yucC-1 o, increased 270 54
(from K=1)
4 C(leQ)UE—l o, increased 160 12
5 C(I/KO)URC-E o, increased 390 81
6 CiucC-2, 3 G, increased 240 56 +4
7 CICE-], 2, 3 o, increased 330%60 48+ 5

The values of modulus quoted above were based on axial strains,
In test numbers 1, 3, 5 and 6, the axial strain coincides with the
strain in the direction of the applied major principal stress, i.e.,

E, = Aa.ifel. However, in test numbers 2, 4 and 7, the applied major

See Ladd (1964) for a more detailed treatment of stress-
strain modulus,

" Ao for "loading" case; the same result would be obtained
if the other stress had been decreased ("unloading’’ case).
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principzl stress acts in the radial direction. For these tosts, the
strain in the direction of Ar;l would be one-half of the axial strain
since <, + 2cr = 0. Values of modules in terms of major principal
stress and strain would, therciore, be twice as large as the tabu-

lated numbers.
4.7.3 Discussion

The RE tests (failure in extension starting from KO stresses)
produced a very large decrease in undrained strength whereas the
RC tests (failure in compression starting from l/Ko stresses)
caused a relatively small increase in undrained strength. These
opposite trends will be analyzed by comparing these tests with the
results of a UU test on a "perfect sample."” The reasoning is as

foliows.
The C(I{O)URE test (RE test) can be broken into two portions:

1. Perfect sampling from a Ko condition to achieve

the isotropic stress o__;

ps
2. An UU triaxial extension test starting from Eps'

Likewise the C{1/ E{O)URC test (RC test) can be divided into:

1. Perfect sampling from a 1/K_ condition to achieve

the isotropic stress Eps;

2. An UU triaxial compression test starting from Eps'

Effective stress paths in terms of q and p are plotted in Fig,

4,24 for use in the comparisons.

Analysis of RE Test

It iz obvious from Fig. 4.24(a) that the basic cause of the
much reduced strength of the RE sample is the low effective stress
zt failure, Relaiive o the C(KO)-UUC test {(an UU triaxial

compression test starting from Eps = 2,52 kg./cmg), the C(I{O)SRE

-130-



test developed much higher pore pressures during shear. This is
to be expected because the RE test is sheared from o __ in triaxial
extension. Data in Section 4. L Lave already shown that an increase
in g, produces an increase in excess pore pressures. Stress paths

in Fig. 4,12 from CIUC and CIUE tests illustrate this fact.

Let us compare the effect of o, on the tests in Fig. 4.24(a)

with that exhibited in Fig. 4.12,

- -
Q/Ops. or g/a_

Test At (Gl B CI?;)rnax. At (01/0 )m ax.
C(K_JURE-4 0.66/2,41 = 0,274 0.65/2,41 = 0.2%0
c:(K0>-ﬁc-1 1.12/2.52 = 0. 445 0.785/2.52 = 0,312

Ratio = 0.62 Ratio = 0,87
CIUE (Table 4, 3) 0.245 0.240
CIUC (Table 4. 3) 0,285 0,275

Ratio = 0,86 Ratio = 0,87

At 1 : ins, l.e. o, /o } f tr
At large strains, i.e., at (cl/cs)max » the effect of o, on stress

difference as observed in the CIU tests appears to explain the be-
havior of the RE test relative to the UU compression test. But at

{Gi - ag)ma‘{ , the RE test has a much lower strength than can be

' Note: Both of these tests should have shown identical stress
paths between K = K_and K =1 and hence both should have
:ad identical values Of o . In the case of test EU\ JURE-4,
onh one data point exists hetween RO stresses and the point
of q=0.14, p = 2.20; an approximate path was sketched in.
Fig. 4.2 also shows lack of agreement between the stress
paths of CZI\ SI}RE -3 and C(KQ) -UUC-2. This disagreement
probably reflects slight changes in testing rates, times of
consolidation under the last increment, water contents, ctc.
In other words, differences in effective stress paths b2tween
K, and Eps are due to experimental scatter.
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accounted for simply on the basis of the effects of Ty In other words,
the RE test undergoes a much larger decrease in effective stress
during the early portions of shear in cxtension than would be expected
from the results of the C(lio)~ﬁ(3 tes: adjusted for the effects of

o, by using CIUC and CIUE tests,

Factors which might help to explain this large increasc in

pore pressure are listed below:

1. The rate of strain in the RE tesis was much lower
than that in the C(Ko)-ﬁﬁC tests (tf= 120 hi, versus
only 1 -2 hr.). Lower strain rates often cause

increased excess pore pressures;

2. The water content of the RE testis (KO consolidation)
was higher than that of the CIU tests (see Fig. 4.16),
Posribly o, has a greater cffect on samples with a

higher water content;

3. The structure (clay fabric plus interparticle force
system) of the sample in the RE test was first de-
veloped to resist a major principal stress acting in
the axial direction. The structure must then change
to resist a major principal stress acting in the radial
direction during shear in extension from K = 1. In-
creased pore pressures are, perhaps, induced as
the clay particles reorient themselves into a new
fabric to better resist the new direction of stresses.
In other words, rotation of priacipal planes causes
a reorientation of clay particles and additional
sliding among particles that contributes to increased
pore pressures (i.e., decreased ability to carry

effective stress at particle contacts).

Analysis of RC Test

Figure 4. 24(b) shows the stress path from a C(l/KO)URC

test and adds, for comparison, a UU triaxial compression test
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starting frem Eps = QE {from Fig. 4.24(a)]. In this case, both
the RC test and the UU test have the same stress system during
shear, but the values of Eps are different because one sample
started ' ~m a K condition and the other started from a 1,,/}(0

condition, The strengths of the two tests are compared below,

4/o,

Test - (Gl j 0B)max. S (Gl/GS)max.
C(ljﬁémac-s 1.325/2.80 = 0,474 1.265/2,80 =0,452
c<1<0)-ﬁ'ﬁc:-1 1.12/2.52 =0.445  0,785/2.52 =0.312

Ratio = 1.06 Ratio = 1,43

Although the tests have approximately the same value of
sug’EpS, the RC test attained this sirength with a lower effective
stress and a higher friction angie, ¢u. Looking at the stress paths,
in Fig. 4. 24(b), one notes that the RC test developed larger pore
pressures at low strains, but smaller pore pressures at high strains
relative to the C(KO)-‘WC test. A possible explanation of this be-

havior is given below:

1. At low sirains, the particles in the RC test are
reorienting themselves to adjust to the new stress
system (c‘l acted in the radial direction between
K= lf'KO and K =1, and now acts in the axial
direction) with a resultant increase in pore pres-

sure, just as was hypothesized for the RE test;

2, At high strains, the sampie acts as if it were
slightly overconsolidated. In fact, it is "over-
consolidated' with respect to a compressive
stress system because the water content of the
RC sample is consi' _1 ably lower than that of the
C(KO)-U—I—J'C sample, Figure 4.16 shows that l/lx'i0
consolidation leads to a greater decrease in

volume than KO consolidation. Henuce the lower
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relative water content of the BC sample could
cxplain the higher effective stresses at higher

strains and the ncreased friction angle.

it should be noted that the strain rate in the RC tests was
again much lower than in the C(Ko)ffﬁlc tests and yet the strengths

were higher. This may mean that strain rates are not a major factor.

In svinmary, the effect of rotation of principal planes depends
on the direction of the change, Failure in extension starting from
KD stresses produces a very large decrease in undrained strength
that can be encountered in practice, Failure in compression starting
from 1!2{0 stresses produces a! increase in undrained strength.
These opposite irends can be explained in terms of differences in o,
at failure and in water contents at consolidation. However. rotation
of principal planes per se does appear to cause an additicnal 1:.c.  se

in excess pore pressure . r normailly <onso! . :ted Boston blue viay.
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TABLE 4.2

MiSCELLANEQUS DATA FOR CU TRIAXIAL TESTS ON N.C. BOSTON BLUE CLAY

f oS
Stresses in kg/em

___Final

Time {(hrs.}

Ae = To Cantrolled
Initial by 3 Time Ta £
w ¥ 5 Congolidation £ = -
Test No, A% (%) {% {days} Conssiidation History % il g
Citc-2 31.4 25.4 1LS 4 7,710, 2.0, 4.9 3 (23g} .
CIC-1 30.4  23.45 1.8 3 3= 10, 2.0, 4.0, 6.0 1.5 ‘245) ¢
Civc-3 31,3 23,0 14.8 3 3, = 1.0, 2.0, 4.0. 8.0 4 ot :
CIOE-1 30,1 34.8 10,7 3 5. =1.0, 2.0, 4.0 = =
€ {1, 23
TTUE-2 30.8  23.75 131 12 5.=1,36, 3.0, 4.0 23 ii%; ¢
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Fig. 4.1 Effective Stress Paths for CU Tests
on N.C. BBC with Isotropic Consolidation
X © (6,-6 3)max
04.) ° (5/53)mox
of : —
¥ -3
¢
8. ’,
7.
g cluc-1
6+
5-
N
2 —_Clbc-2
§ Lo 1P
S, ‘
x 4 /
D‘\
o
0l —
@ CIUE-2 -7 _ ___ no readings
‘lt /7
s
2 CTUE-1 CIUE-3
ol - /
.gz (6contr. L
4
ik
o i i 5 sk i i - i
0 2 3 4 5 6 7 8

Radial Stress, &,, kg/cm?

-139-



Axial Stress, &,,kg/cm?

Fig. 4.2 Effective Stress Paths for CU Tests on
N.C. BBC with K, Ccnsolidation
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Fig. 4.3 Effective Stress Paths for CU Tests
on N.C. BBC with ¢ Consolidation

1+
Vg
© (9-9) max ,’0
sl ® (5;/G;) max +°
N
\
7 -
&N 6 =
£
O
N e
o CtltaURC - 6
X 5}
IS \35
. \ e
~4tF Yo
U) 5 ' - —
b CUI&)C
@
E S
4 i o
v 3t A , / -
° CTI/KJURC
"= {Ocontr)
q 2 = ' )
i L Cli/K) UE-3
COI/KJUE- |
ok | L i 1 1 I 1
0 | 2 3 4 5 6 7

Radial Stress, & , kg/cm?

~141-



Fig.4.4

Effective Stress Paths for CU Tests
on N.C. BBC with Stress Controlied
Shear
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sy, kg/cm?

q, “g/ctu?

Fig.4.5 Summary of Strength Data from CU
Tests on N.C.BBC, Isotropic Consolidation
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Fig. 4.6 Summary of Strength Data from

CU Tests on N.C. BBC with
Ko Consolidation
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Fig. 4.7 Summary of Strength Data from
CU Tests on N.C. BBC with
I/Ko Consolidatior
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Fig. 4.8 Effect of Water Content at Failure
on Undrained Strength Behavior of N.C.
BBC

(Dofa from various batches over 3year period,
but & =6=0.1 kgZ/cm® f - all tests.
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